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As an emerging field in the post-genomic era, proteomics has witnessed a rapid 
development in the last decade and beyond. However, to date, no proteomic 
techniques can perfectly address all the issues in this field. In this study, we sought to 
develop and apply advanced proteomic techniques from three different aspects for 
high-throughput identification of enzymes and their associated proteins in yeast 
proteome (catalomics). Firstly, to validate the high-throughput capacity of differential 
gel electrophoresis (DIGE), the yeast proteome upon exposure to fifteen kinds of 
metal salts was interrogated in a parallel and quantitative fashion (quantitative 
proteomics). Yeast proteins (mainly enzymes) with significantly altered expression 
levels have been identified, which not only provided the first clues on how yeast cells 
respond to the sudden influx of exogenous metals on a proteome-wide scale, but also 
presented the mutuality between multiple cellular defense mechanisms against metal 
stress in yeast. Potentially, DIGE-based proteome profiling can be applied for large-
scale identification of not only enzymes, but also enzyme substrates in a proteome. 
Secondly, to improve the quality of protein-protein interaction data, a new strategy for 
the elimination of false positives has been developed, where a control sample was 
prepared in parallel with a protein pull-down assay to pinpoint nonspecifically bound 
proteins (interactomics). With the aid of DIGE, subtraction of those nonspecifically 
bound proteins led to a rigorous identification of yeast metacaspase-binding proteins 
from yeast proteome. Results showed that although nonspecific protein binding were 
rather strong under the mild washing conditions, which are typically required for the 
purification of unstable protein complexes, binding partners of yeast metacaspase 
could still be ascertained with a high confidence. This may pave the way for a 
rigorous identification of enzyme substrates and regulatory proteins in a high-
 ix
throughput manner. Thirdly, to expedite the activity-based protein identification, a 
novel strategy (i.e. Expression Display) has been developed in this study, whereby 
proteins with particular enzymatic activity could be selected and subsequently 
identified from a DNA library (functional proteomics). By taking advantage of the 
activity-based chemical probe, we have shown, for the first time, multiple enzymes 
belonging to the same class could be fished out as ribosome-displayed complexes 
from a DNA library, followed by facile identification of the enzyme-encoding genes 
with the decoding DNA microarray. We envision that Expression Display will be 
potentially applicable for high-throughput characterization of proteins from any well-
known or unknown organisms and therefore facilitate the study in functional 
proteomics. In the following endeavors, we sought to fish out enzyme-encoding genes 
by the chemical probe from a human brain cDNA library using phage display. Based 
on our results, the selection conditions need to be further refined so as to specifically 
select desired genes from a genome-scale library.  
 
In conclusion, advanced proteomic techniques have been successfully developed and 
exploited in this study in attempts to identify yeast enzymes and their associated 
proteins on a proteome-scale. These techniques showed significant advantages over 
conventional methods and will thus facilitate the high-throughput identification of 
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Chapter 1 Introduction  
            
   
The complete sequence of the human genome (Lander et al., 2001; Venter et al., 
2001), in addition to the larger framework of other model organisms such as the 
bacterium Haemophilus influenzae (Fleischmann et al., 1995), the budding yeast 
Saccharomyces cerevisiae (Goffeau et al., 1996), the nematode Caenorhabditis 
elegans (C. elegans sequencing consortium, 1998), the plant Arabidopsis thaliana 
(Arabidopsis Genome Initiative, 2000), the fruitfly Drosophila melanogaster (Adams 
et al., 2000), two subspecies of rice Oryza sativa L. ssp. japonica (Goff et al., 2002) 
and Oryza sativa L. ssp. indica (Yu et al., 2002), the pufferfish Fugu rubripes 
(Aparicio et al., 2002), the mouse (Waterston et al., 2002), the severe acute 
respiratory syndrome (SARS)-associated coronavirus (Marra et al., 2003), the 
laboratory rat Rattus norvegicus (Gibbs et al., 2004), Mimivirus (Raoult et al., 2004), 
the chicken Gallus gallus (Hillier et al., 2004), the protozoan pathogen Trypanosoma 
cruzi (El-Sayed et al., 2005) and the chimpanzee Pan troglodytes (Chimpanzee 
Sequencing and Analysis Consortium, 2005), heralded the dawn of the post-genomic 
era. These genomic studies have established a firm foundation for modern biological 
investigations to unveil the blueprint of life. However, unlike the relatively 
unchanging genome, the constellation of all proteins in the proteome is dynamic and it 
is the study of protein expression and functions that will elucidate the molecular basis 
of health and disease. Currently, rather than the characterization of individual proteins, 
scientific endeavors have shifted towards high-throughput approaches that facilitate 
large-scale analysis of proteins, i.e. proteomics (Pandey and Mann, 2000; Tyers and 
Mann, 2003). Therefore, the advancement of proteomics relies largely on the 
development of state-of-the-art proteomics techniques. The following discussion will 
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mainly focus on the impact of proteomics in the post-genomic era and the 
development of up-to-date techniques employed in this field.  
 
1.1 Impact of proteomics in the post-genomic era 
 
Proteomics, extrapolated from genomics, aims to characterize the repertoire of gene 
products encoded by the entire genome of an organism (Fields, 2001). With an 
elaborate depiction of proteins, proteomics is an efficacious means of unraveling gene 
expression and functions, thereby holding the promise to significantly impact our 
understanding of the cellular processes and disease states (Hanash, 2003). In this 
regard, proteomics is a further step from genomics and its descendant - functional 
genomics. To highlight the significance of proteomics in this post-genomic era, the 
mutuality between genomics, including functional genomics, and proteomics will be 
reviewed in the following sections.  
 
1.1.1 Genomics and functional genomics 
 
Genomics, firstly coined by Thomas H. Roderick in 1986, was a term introduced to 
define the study of the complete set of genetic information of an organism (Mckusick, 
1997), which encompasses mapping, sequencing and analysis of the whole genome of 
an organism. The significance of genomics was highlighted by the initiation of the 
Human Genome Project (HGP) in 1985 with the aim of decoding the entire human 
sequence (Watson and Cook-Deegan, 1991). After more than a decade of strenuous 
efforts, the draft of the human genome sequence was accomplished in 2001 (Lander et 
al., 2001; Venter et al., 2001). The complete sequence of the human genome has 
provided an enormous amount of data to be further analyzed. However, the question 
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of how to elucidate all the gene functions from the overgrowing sequence data 
remains elusive. To address this issue, a new branch was brought up in the genomic 
studies, i.e. functional genomics (Hieter and Boguski, 1997).  
            
The objective of the initial phase of genomics was to determine the complete DNA 
sequence. However, the study of genome-wide function by using information 
generated from genetic mapping was also desired. This functional analysis of gene 
products, termed functional genomics, includes the large-scale characterization of 
genes and their derivatives (Eisenberg et al., 2000). As a high-throughput tool in 
functional genomics, DNA microarrays have been widely exploited in profiling gene 
expression at the transcriptional level (Lockhart and Winzeler, 2000). To date, DNA 
microarray experiments have provided unprecedented amounts of genome-wide data 
on gene expression patterns. DNA microarray technology allows mRNA abundance 
from different cellular states to be displayed and compared on a genome-wide scale, 
thereby providing information of gene expression levels and accordingly the first 
clues about disease-related genes. In addition, with the concept of “guilt-by-
association”, unknown open reading frames (ORF) can be annotated by clustering 
genes with similar expression patterns from DNA microarray data in that those genes 
in the same cluster are assumed to be functionally related (Chu et al., 1998). However, 
we should be aware that there are intrinsic limitations of the study of gene functions at 
the transcriptional level. Generally, characterization of gene products in a 
sophisticated biological network is inevitably complicated by a bewildering number 
of gene products from a single gene as a result of alternative splicing and post-
translational modifications. Moreover, there is mounting evidence showing that the 
data of mRNA abundance gathered from DNA microarray, thus far, do not correlate 
well with the protein expression level (Pandey and Mann, 2000). It has been reported 
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that variation between certain protein abundance and the corresponding mRNA 
transcription level could be as high as 30 folds in yeast (Gygi and Rochon et al., 
1999).  This poor correlation between mRNA levels and protein abundance is an 
obstacle to predicting protein expression levels from DNA microarray data (Tian et 
al., 2004). Since proteins play more direct roles in the biological machinery than 
nucleic acids do, direct information of protein expression level and protein activity 
will be more important for a comprehensive understanding of cellular processes. As 
diverse entities inside the cells, proteins are key structural scaffolds, signal 
transducers, functional executors, reaction catalysts and major drug targets (Hanash, 
2003). With the aid of DNA sequence information, the elucidation of cellular 
functions of proteins is facilitated by large-scale protein profiling, i.e. proteomics. The 
significance of proteomics will be highlighted in the following sections.  
 
1.1.2 Proteomics  
 
Proteomics is a promising field in the post-genomic era with the aim of defining gene 
products encoded by the whole genome, partly because it is an arduous task to predict 
gene functions directly from the gene sequences. In contrast to traditional biological 
paradigm, one ORF defined from genomic sequence may not necessarily connote only 
one protein (Pandey and Mann, 2000). It is possible that certain DNA sequences do 
not encode any proteins due to the gene redundancy and the presence of non-coding 
RNAs (Eddy, 2001). Conversely, one ORF is also likely to encode more than one 
protein due to the RNA splicing and even protein splicing at the translational level 
(Black, 2000; Paulus, 2000; Casci, 2001). Consequently, the conventional genomic 
studies will not be able to directly contribute to our understanding of protein activity 
and function. In the post-genomic era, proteomic studies complement the information 
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acquired from genomics and functional genomics, thereby expanding our knowledge 
of cellular processes at the proteome level.   
             
Generally, the tasks of proteomics can be classified into three categories (Figure 1.1): 
1) the proteome-wide quantitation of protein expression (quantitative proteomics); 2) 
the global study of protein-protein interactions (interactomics); 3) high-throughput 
protein identification and functional annotation of proteins (functional proteomics) 
(Pandey and Mann, 2000; Adam et al., 2002). Through gene knockout studies, 
functional analysis of individual proteins has been carried out over the last few 
decades. Hundreds of key proteins have been identified and assigned into different 
groups according to their activities, such as kinases and phosphatases (Bauman and 
Scott, 2002). Some model proteins, such as enhanced green fluorescent protein 
(EGFP), luciferase, streptavidin, and glutathione-S-transferase (GST), have been 
extensively studied and employed as powerful tools for genetic manipulations by 
molecular biologists (Wilson and Hastings, 1998; Karp and Oker-Blom, 1999).  
Nevertheless in the post-genomic era, this painstaking and inefficient characterization 
of individual proteins cannot quench our thirst for the knowledge of the entire 
proteome in an organism. In proteomics, large-scale protein identification relies upon 
high resolution protein separation techniques, such as two-dimensional gel 
electrophoresis (2-DE), followed by protein identification with mass spectrometry 





Figure 1.1 The diagram of studying three major entities in a biological system 
(adapted from Patterson and Aebersold, 2003). Following the endeavors in genomics 
and functional genomics, the main tasks of proteomics encompass: 1) a proteome-
wide quantitation of protein expression (quantitative proteomics); 2) a global study of 
protein-protein interactions (interactomics); 3) high-throughput protein identification 




Global quantitation of protein expression is routinely achieved by the quantitation of 
spot intensity in 2-DE-based protein profiling (Aebersold and Mann, 2003).  Although 
it is typically difficult to absolutely quantify protein abundance by 2-DE, this method 
is still useful for the comparison of protein expression levels between different 
proteomes. A second aspect of proteomics is the study of protein-protein interactions 
in a high-throughput fashion. In general, proteins are not functionally independent and 
they are always implicated in complex cellular pathways inside cells. In signaling 
pathways, certain proteins are key executors acting as monkey wrenches to switch 
on/off the downstream proteins and thus determine whether particular cellular process 
will proceed or be terminated (Pawson and Nash, 2000). This kind of protein 
activation or inhibition typically takes place via protein-protein interactions. Hence, 
mapping protein-protein interactions will lead to a better understanding of protein 
functions as well as cellular processes. To this end, several techniques have been 
utilized to identify protein-protein interactions, including the yeast two-hybrid (Y2H) 
system and protein chips (Piehler, 2005). Thirdly, the activity of proteins (especially 
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enzymes), can also be determined on a proteome-scale by using activity based probe 
(ABP) (Huang et al., 2003). These chemical molecules can recognize and covalently 
tether proteins with desired activities, followed by separation through either sodium 
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) or 2-DE (Adam et 
al., 2002). With these techniques available, proteomic studies have been greatly 
accelerated in the past decade and beyond. To help understand the significance of 
developing proteomic techniques in the proteomic studies, several state-of-the-art 
techniques employed in gel-based proteomics, isotope-based proteomics, MS-based 
proteomics, as well as emerging techniques for protein activity-based profiling and 
large-scale protein characterization in microarray formats, will be scrutinized in the 
following sections. 
 
1.2 Gel-based proteomics 
  
The past decade has witnessed a rapid development of proteomic techniques for high-
throughput protein identification and characterization (Aebersold and Mann, 2003; Hu 
et al., 2004). Among these techniques, 2-DE is a routine tool for large-scale protein 
separation. Up to 10000 proteins can be resolved in one single gel and subsequently 
identified by MS (Poland et al., 2003). 
 
1.2.1 Two-dimensional gel electrophoresis (2-DE) 
  
O’Farrell (1975) and Klose (1975) first demonstrated large-scale protein separation by 
2-DE. In their works, proteins were separated by isoelectric focusing (IEF) in the first 
dimension, followed by separation on SDS-PAGE according to the molecular weight 
of the protein in the second dimension. E. coli, a simple model organism, was chosen 
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in O’Farrell’s work and more than 1000 proteins from E. coli were resolved in a two-
dimensional (2-D) gel. More recently, Gygi et al. (2000) worked on the yeast 
proteome and resolved more than 1500 proteins in 2-D gels with the aid of a narrow 
range immobilized pH gradient (IPG) strip. Based on their work, it was found that 
proteins encoded by the same gene would actually migrate to different spots due to 
protein post-translational modifications. Moreover, proteins encoded by different 
genes could comigrate to the same spot, which further complicates protein 
identification and quantitation after separation in 2-D gels. On the other hand, 
although high resolution 2-DE can allow about 1000 proteins to be separated in a 
single gel, these proteins are only a small fraction of a complex proteome. Therefore 
improvement in the separation power of 2-DE is a crucial issue in proteomics. Poland 
et al. (2003) have attempted to profile a more complete proteome by using up to 100 
cm long immobilized pH gradient gels. The long gel strips were then cut into small 
pieces, followed by the second dimensional separation on SDS-PAGE. This collage of 
different 2-D gels enabled more proteins in a proteome to be displayed on one 
“integrated” gel, thereby providing a more complete proteome map. 2-DE can also be 
used to quantitate protein expression in a global fashion. Anderson et al. (1984) and 
Rabilloud et al. (1994) have differentiated protein expression levels between different 
cell lines by using the quantitative data from 2-DE. In such a manner, cell lines could 
be easily distinguished at the translational level, thereby providing more pertinent 
information for the study of human diseases. 
 
Despite the extensive applications of 2-DE in proteomics, most studies to date have 
focused on soluble and high-abundance proteins in the proteome. It is well-known 
that hydrophobic and low-abundance proteins are difficult to be analyzed by 2-DE-
based techniques. This renders the analysis of all the proteins in a proteome en masse 
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impractical (Gygi et al., 2000).  Several methods have been reported to address these 
problems (Molloy, 2000; Santoni et al., 2000). Among them, blue native-
polyacrylamide gel electrophoresis (BN-PAGE) has been exploited for membrane 
protein profiling on 2-DE (Devreese et al., 2002). In BN-PAGE, the introduction of 
Coomassie dyes causes a charge shift on hydrophobic proteins, resulting in increased 
solubility of membrane proteins. Another method reported by Lehner et al.  (2003) is 
that detergent-based extraction of membrane proteins from the complex proteome 
enabled the analysis of membrane fraction in 2-D gels. Besides detergent-based 
extraction, four other kinds of protein extraction methods were also evaluated, 
including centrifugal protein extraction, whole-cell protein extraction, SDS-based 
total protein extraction and sequential protein extraction. Both the detergent-based 
extraction and sequential protein extraction were verified to be suitable methods for 
membrane proteins extraction in 2-DE. In addition, visualization of low-abundance 
proteins on a 2-D gel has also been achieved by zooming in a narrow pH range (Gygi 
et al., 2000), or with the aid of prefractionation of the complex proteome by reversed-
phase high performance liquid chromatography (HPLC) (Van Den Bergh et al., 2003; 
Shen et al., 2004). However, these methods compromised the integrity of the 
proteome to a certain extent and therefore the study of all the proteins in a proteome 
en masse remains an uphill task.   
 
The application of conventional 2-DE in quantitative proteomics has been largely 
hampered by its poor reproducibility, which is typically caused by the discrepancy of 
protein absorbed by the IEF strips, protein transfer from IEF to PAGE gels and 
inhomogeneities of the gel composition and pH gradients (Van den Bergh and 
Arckens, 2004). Any subtle changes in experimental conditions may also render the 
quantities of two aliquots of proteins analyzed in separate 2-D gels unequal, making it 
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difficult to ascertain the proteins with indubitably altered expression level and 
quantify them on the gels. As a result, the gel images from even the same protein 
samples are hardly superimposable and it is thus difficult to distinguish between 
system variation and changes in the proteome arising from biological perturbations. 
This poor reproducibility thus necessitates the running of replicate gels for the same 
protein sample to generate an electronic “averaged” gel. Apart from being a tedious 
process, the accuracy of this method is still a controversial issue. In particular, when 
quantitation of protein expression by 2-DE is required, more attention must be 
centered on this issue since the amount of proteins transferred from the first 
dimension to the second dimension is usually inconstant. Consequently, the difference 
in spot intensity may be virtually ascribed to the discrepancy of protein transfer 
between two dimensions rather than real differences between the proteomes. 
 
1.2.2 Multiplexed proteomics (MP) 
             
Proteins can be separated by 2-DE on a large scale, whereas the visualization of low-
abundance proteins on 2-D gels remains challenging. Protein visualization in a 
polyacrylamide gel normally requires post-separation staining (Patton, 2002). Among 
numerous methods, Coomassie Brilliant Blue (CBB) and silver staining are the 
common tools in routine gel staining due to the relatively low cost and easy 
manipulation (Fazekas De St. Groth et al., 1963; Blum et al., 1987; Rabilloud et al., 
1988). However the application of both methods is restricted by their poor sensitivity 
and narrow linearity. Typically CBB can detect proteins of more than one microgram, 
while silver staining necessitates at least a few nanograms of proteins. Moreover, the 
linear dynamic range of both CBB and silver staining is limited to about 10- fold 
range (Hu et al., 2004). To partially address these problems, a fluorescence-based 
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post-separation gel staining method was developed by taking advantages of a panel of 
fluorescent protein dyes. Using the MP platform, two samples can be first stained 
with the dyes specific to unique protein attributes and subsequently stained with a 
common protein dye to visualize all the proteins. Overlaid gel images offer not only a 
facile quantitation of the gene expression level across samples, but also the 
information of protein functions and post-translational modifications (Patton and 
Beechem, 2002). Patton and his colleagues have successfully applied this MP 
platform to detect glycoproteins via a periodic acid Schiff’s reaction (Steinberg et al., 
2001), and in-gel β-glucuronidase activity using a fluorogenic enzyme substrate 
(Kemper et al., 2001). It has also been shown that penicillin binding proteins could be 
detected by fluorescent analogs of penicillin V, together with total proteins 
visualization with SYPRO Ruby staining (Gee et al., 2001). A more recent example 
was to examine protein phosphorylation status in the proteome using the Pro-Q 
Diamond fluorescent dye, which has a higher affinity for phosphoserine, 
phosphothreonine and phosphotyrosine proteins (Steinberg et al., 2003). Furthermore, 
the MP platform has also shown its potential in combination with other proteomic 
techniques, such as solution-phase IEF (Schulenberg and Patton, 2004).  
             
Compared to conventional gel-staining methods, MP offers several obvious 
advantages in protein detection. Since proteins are visualized by fluorescent dyes, MP 
approach has a greater sensitivity and much broader dynamic range than CBB and 
silver staining. The SYPRO Ruby dye was reported to be as sensitive as silver 
staining for protein detection (Lopez et al., 2000). Pro-Q Emerald 300 dye is capable 
of detecting as little as a single nanogram of glycoprotein and 2-4 ng of 
lipopolysaccharides (Steinberg et al., 2001). As for the detection linearity, the 
dynamic range of SYPRO Ruby was nearly five orders of magnitude, which is about 
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700 times broader than that of silver staining. Another advantage is that a combination 
of fluorescent dyes can be used in the same gel, either sequentially or concurrently, to 
unveil the overall protein profile and also to group the proteins into distinct 
subproteomes based on their properties. This enables rigorous protein quantitation and 
facile identification of particular subclasses of proteins, remarkably improving the 
accuracy and throughput of protein analysis in polyacrylamide gel. Furthermore, the 
MP approach typically makes use of non-covalent binding of fluorophores to the 
proteins. As a consequence, this method is generally nondestructive and compatible 
with MS-based protein identification. It also sidesteps the problems in pre-separation 
fluorescent labeling of the proteins, where protein solubility and isoelectric point may 
be significantly altered (Hu et al., 2004). 
 
Although MP provides greater sensitivity and a broader linear dynamic range than 
conventional gel staining methods, it still does not obviate the limitation of 
conventional 2-DE. Two gels processed by MP method are typically not 
superimposable since the protein separation still relies on conventional 2-DE. This 
intrinsic drawback of 2-DE thus hampers the application of MP in high-throughput 
protein quantitation. Furthermore, MP is only applicable for the detection of certain 
protein post-translational modifications due to the limited availability of fluorescent 
dyes. In future, more fluorescent dyes need to be developed in order to accommodate 







1.2.3 Differential gel electrophoresis (DIGE) in quantitative proteomics 
           
To date, a majority of quantitative analyses of protein expression have relied on 
conventional 2-DE, which, when coupled with advanced mass spectrometers, has 
allowed the rapid quantitation and identification of thousands of proteins 
simultaneously (Gorg et al., 2004). Through monitoring the fluorescence of native or 
modified protein residues, direct protein quantitation on the gel, albeit conceptually 
simple, may produce significant variations because of different residue composition 
between proteins (Kazmin et al., 2002; Sluszny and Yeung, 2004). Alternatively, 
quantitation of proteins on a gel is typically achieved by post-separation protein 
staining, such as CBB and silver staining (Plowman et al., 2000). These methods, 
however, do not fulfill the requirement of quantitative proteomics, due to limited 
detection sensitivity and poor linearity. To address these problems, fluorescent protein 
staining dyes have been developed for protein quantitation in polyacrylamide gels 
(Nishihara and Champion, 2002). These fluorescent dyes can usually be integrated 
with other proteomics platforms for global characterization of protein expression as 
well as protein post-translational modifications (Patton, 2002).  
          
Although fluorescent staining of proteins in gels offers great sensitivity and a broad 
dynamic range, their application in quantitative proteomics is still hampered by the 
poor reproducibility of 2-DE. To address this problem, a relatively new technique (i.e. 
DIGE) was developed by Unlu et al. (1997), whereby two protein samples can be 
labeled with two structurally similar cyanine dyes, respectively, and co-separated in 
the same gel. Since two fluorescent molecules, 1-(5-carboxypentyl)-1’-
propylindocarbocyanine halide (Cy3) and 1-(5-carboxypentyl)-1’-
methylindodicarbocyanine halide (Cy5), have similar mass and charge, identical 
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protein in two samples still migrates as one spot in the same gel without significant 
shift. Therefore, protein quantitation is easily achieved by simply comparing the 
intensity difference of the fluorophore covalently tethered to the proteins. Compared 
to conventional 2-DE methods, DIGE has its intrinsic advantages. Since two samples 
can be resolved in the same gel, DIGE circumvents the necessity of a reference gel, 
making it a powerful tool for potential high-throughput analysis of multiple biological 
samples simultaneously. In addition, with the detection of as little as about one 
hundred picograms of a single protein, DIGE offers greater sensitivity and a broader 
linear dynamic range, rivaling the fluorescent staining of 2-D gels (Patton, 2002). 
 
In this study, we will employ 2-D DIGE for high-throughput analysis of the yeast 
proteome upon metal treatment so as to identify the yeast proteins implicated in metal 
detoxification pathways.   
 
1.3 Isotope-based proteomics 
             
Sensitive and variable protein labeling techniques are capable of large-scale protein 
characterizations. Other than fluorescent molecules, radioisotopes pave an alternative 
way for protein labeling and facilitate the subsequent protein quantitation and 
identification.  Albeit biohazardous, the incorporation of radioisotopes into a protein 
is presumably one of the least destructive means to proteins, providing a flexible tool 
for sensitive and quantitative protein analysis in multiplexing experiments. The 
following section will give a detailed description of metabolic isotope labeling and 




1.3.1 Metabolic labeling by the radioisotopes   
                
During the last decade, metabolic incorporation of radioisotopes into biological 
systems has been an important tool for the exploration of cellular processes (Kelleher, 
2004; Wiechert and Noh, 2005) and drug development (Perkins and Frier, 2004). In 
this post-genomic era, metabolic labeling of proteins could also be utilized to identify 
and quantitate proteins in living organisms. Several research groups have made use of 
metabolic labeling strategies to examine yeast protein expression upon different 
exogenous stimuli (Maillet et al., 1996; Godon et al., 1998; Vido et al., 2001; Bro et 
al., 2003). In their studies, the use of multiple isotopes, i.e. 35S, 3H or 14C, has allowed 
sensitive detection of proteins without post-separation staining, and also a facile 
comparison of the disturbed proteome with its cognate untreated proteome on the 
same gel. In this manner, Labarre and his colleagues have successfully constructed a 
reference 2-DE map of the yeast proteome with more than four hundred proteins 
identified. Unlike the conjugation of fluorescent molecules with proteins, the 
introduction of isotopes in a protein does not significantly alter the isoelectric point 
(pI) and molecular weight of proteins. As a consequence, same proteins from different 
samples can migrate as identical bands or spots on the PAGE gels, rendering protein 
matching and quantitation rather straightforward. While the treated and untreated cells 
were labeled by diverse isotopes and mixed before lysis, the undisturbed sample 
worked as an internal standard to eliminate artifacts caused by experimental variations 
(Godon et al., 1998). As a result, this internal standard provides an effective means 
for rigorous protein quantitation on the gel, thereby facilitating an accurate reflection 
of protein expression levels in the organism. Proteins of interest could be 
subsequently identified either through a comparison to the reference 2-D gel, or by 
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MS analysis. The combination of these studies substantially shows the potential of the 
stable radioisotope labeling of the proteins in large-scale proteomic analysis.  
              
Similar to the strategy described above, another method, known as differential gel 
exposure (DifExpo), takes advantage of two unique imaging plates, which have 
overlapping detection capacity (Monribot-Espagne and Boucherie, 2002). Through 
metabolic labeling, 14C-leucine and 3H-leucine were incorporated into two yeast 
proteomes, respectively, during cell growth (Figure 1.2). Then these two pools of 
cells were mixed and lysed to liberate the radioisotope-labeled proteins, which were 
subject to protein separation in 2-D gels. As mentioned above, since radioisotope 
labeling of proteins would not interfere with protein migration in 2-D gel, co-
migration of the same proteins from two different samples renders two images 
superimposable. The proteins in the 2-D gel were then transferred onto a 
polyvinylidene difluoride (PVDF) membrane and exposed successively to two distinct 
imaging plates. One imaging plate could record only the radioactivity of 14C, while 
another plate, sensitive to both 14C and 3H, records the total radioactivity on the gels. 
Subtraction of the 14C intensity value from that of total radioactivity generates the 
value of 3H signal on the same gel. Comparison of these two values, i.e. the 3H/14C 
ratio, actually represents the relative protein abundance between the yeast proteomes. 
As a metabolic labeling strategy, DifExpo allows real-time and rigorous probing of 
protein synthesis upon biological perturbations, such as diauxic shift (Monribot-
Espagne and Boucherie, 2002).  
 
Additionally, a handful of advanced strategies have been developed with the 
combination of metabolic labeling and MS-based protein identification and 
quantitation. One study was to identify and quantify isotope-labeled yeast proteins by 
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MS (Jiang and English, 2002). Yeast leucine auxotrophs were grown in the media 
containing either natural leucine (H10-Leu) or deuterated leucine (D10-Leu) and 
combined prior to cell lysis. The extracted proteins were resolved in 2-D gels, 
followed by excision of protein spots from the gels and analyzed by MS. Through 
validation trials, metabolic incorporation of isotope-labeled leucine into yeast proteins 
was concluded to be quantitative based on the evidence that intensities of the peptide 
peaks were proportional to the percentage of isotopes used in the culture media. As a 
result, the D10 / H10 –Leu ratios indeed reflect the relative protein expression level in 
yeast proteome. As such, metabolic labeling could also be utilized to survey protein 
post-translational modifications. Oda et al. (1999) have successfully quantified the 
changes in protein phosphorylation level through MS-based peptide quantitation. 
From the mass spectra, peak intensity ratios of isotopically labeled phosphorylated 
peptides to nonlabeled unphosphorylated peptides were calculated to indicate the 





Figure 1.2 Schematic illustration of DifExpo (adapted from Hu et al., 2004). Two 
protein samples from metabolic labeling comigrate in the 2-D gel and are then 
transferred to a polyvinylidene difluoride membrane. One image plate records the 
total radioactivity, whereas another records the intensity of 14C only. Deduction of the 
intensities of total radioactivity between two plates produces the intensity of 3H in the 
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In a more recent study, rather than nonspecific isotopic labeling of proteins, Ong et al. 
(2004) have metabolically incorporated isotopes exclusively into protein modification 
sites using a synthetic stable isotope analog of methyl group, 13CD3. As a result, any 
proteins undergoing methylation could be identified and quantified on the mass 
spectra. Furthermore, an intriguing metabolic labeling strategy applied to the living 
multicellular organisms has been demonstrated by Krijgsveld et al. (2003). 
Caenorhabditis elegans and Drosophila melanogaster, either wild-type or mutant, 
were quantitatively labeled by feeding them on 15N -labeled Escherichia coli and 
yeast, respectively. After protein extraction and separation in 2-D gel, proteins of 
interest were identified and quantified by MS. The altered protein expression level, 
resulting from genetic manipulation, was examined through the analysis of the 15N / 
14N ratio. This strategy therefore provides simple but reliable metabolic labeling of 
multicellular eukaryotes for proteomic studies. Additionally, metabolic labeling could 
also be applied for temporal analysis and signaling events and mapping entire 
signaling networks that govern the cell differentiation (Blagoev et al., 2004; 
Kratchmarova et al., 2005).   
 
Albeit fairly successful, isotope-based metabolic labeling is unsuitable for dissection 
of human proteome as radioisotopes are biohazards (Yeargin and Haas, 1995).         
 
1.3.2 Isotope-coded affinity tag (ICAT) 
                
In addition to in vivo metabolic labeling, proteins can be labeled with stable isotopes 
in vitro via isotope-coded affinity tags (Gygi and Rist et al., 1999). This kind of tags 
has a warhead which can tether the tags to proteins, while a deuterated or 
nondeuterated linker works as a reporter for the detection of labeled peptides. ICAT is 
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generally utilized together with gel-free separation techniques, such as liquid 
chromatography (LC)-MS/MS (Zhou and Ranish et al., 2002; Jiang et al., 2005). In 
such strategy, two protein samples were first labeled with two light or heavy ICAT 
reagents, respectively, and then mixed together. Without the separation in the gel, 
proteins were trypsin-digested and filtered through an avidin column. While unlabeled 
peptides were washed away, the ICAT-labeled peptides were retained on the avidin 
column due to the biotin moiety on the tags, and subsequently eluted by formic acid. 
Upon chromatographic separation, the biotinylated peptides were readily sequenced 
by MS/MS and quantified based on the peak intensity of each peptide. By using ICAT, 
Dunkley and colleagues (2004) have successfully identified membrane proteins from 
different organelles. Besides LC-MS/MS, ICAT is also compatible with standard 2-
DE for quantitative protein profiling (Smolka et al., 2002; Froment et al., 2005). 
Basically, two differentially ICAT-labeled protein samples could be combined and 
separated in the same 2-D gel, followed by spot excision, trypsin digestion and MS 
analysis. Through the signal comparison of the peptides labeled with two different 
isotopes, the relative protein expression level between samples could be determined.  
                
Nevertheless, both gel-free and gel-based ICAT methods have their inherent 
weaknesses. As the reactive group of the tags specifically targets the sulfhydryl group 
of cysteine residues in a protein, ICAT can only be used to label proteins containing 
free cysteine residues. However, it has been reported that as high as 15% of proteins 
in some bacteria do not have any cysteine residues (Patton, 2002). In eukaryotes, only 
10-20% of the peptides from digested proteomes have more than one cysteine residue, 
rendering ICAT incapable of quantifying as much as 80% of the peptides from 
eukaryotic proteome. Several methods, grouped as global internal standard strategy 
(GIST), have been introduced to universally label the peptides without dependence on 
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cysteine residue (Hamdan and Righetti, 2002). These techniques generally rely on 
chemical reagents, such as N-acetoxysuccinimide (Ji et al., 2000) and succinic 
anhydride (Wang and Regnier, 2001), to acylate trypsin-digested peptides. 
Resembling ICAT, these methods employed light and heavy acylation reagents to 
label two protein samples, respectively, and the isotope ratios of labeled peptides 
present the relative protein abundance between samples. Another issue is about 
chromatographic isotope effects with ICAT. Due to the limited chromatographic 
resolution of the isotopically labeled peptides, the elution of deuterated peptide was 
found to be earlier than that of nondeuterated peptides (Zhang et al., 2001), thereby 
generating a discernible variation in isotope ratios between mass spectra taken at 
different points during the elution. As a result, quantitation of peptides from a single 
mass spectrum will not be accurate and more data must be combined in order to 
provide a relative measurement of peptide quantity, which thus greatly complicates 
the data analysis. Further efforts are needed to minimize this chromatographic isotope 
effect, like using ICAT reagent with carbon isotopes instead of deuterium (Zhang and 
Regnier, 2002). On the other hand, for the 2-DE-based ICAT, conjugation of ICAT 
reagents with proteins might decrease the protein solubility to some extent and thus 
compromise the electrophoretic mobility of proteins in 2-D gel. Albeit far from 
perfect, ICAT is a practical tool for quantitative proteomic analysis.  
 
1.4 Mass spectrometry (MS)-based protein identification and quantitation 
             
To date, one of the most common schemes in proteomic study is that proteins are 
either separated by one-dimensional (1-D) or 2-D gel electrophoresis, followed by 
CBB or silver staining. Proteins of interest are then excised and subject to trypsin 
digestion. While other schemes employ gel-free chromatographic techniques to 
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separate the tryptic peptides, both strategies converge at a common end point, i.e. 
mass spectrometric analysis of proteins (Rappsilber and Mann, 2002).  
             
Literally, MS is one of the analytical techniques measuring the inherent mass property 
of the molecules. As a venerable technique, MS has evidenced its wide applications in 
biological sciences for decades (Banoub et al., 2005; Tost and Gut, 2005), 
encompassing the analysis of nucleosides (Biemann and McCloskey, 1962) and 
metabolites (Hammar et al., 1968; Lehmann et al., 1976), as well as the quantitative 
detection of drugs and trace metals in biological samples (Cho et al., 1973; 
Achenback et al., 1979). However, it was not until the late 1980s that MS was 
revitalized to find its increasingly significant roles in protein characterization by the 
development of two fundamental ionization methods, electrospray ionization (ESI) 
and matrix assisted laser desorption/ionization (MALDI) (Mann et al., 2001). Two 
Nobel laureates in chemistry (2002), John Fenn and Koichi Tanaka, have made 
substantial contributions to the development of ESI-MS and MALDI-MS, 
respectively (Fenn et al., 1989; Tanaka, 2003). 
 
By and large, there are two prevailing MS-based methods for protein identification, 
i.e. peptide mass fingerprinting and peptide sequencing (Aebersold and Goodlett, 
2001). The basic principle underlying peptide mass fingerprinting is to match the 
experimental peptide masses with the theoretically predicted peptide masses in the 
protein databases (Henzel et al., 1993; James et al., 1993; Pappin et al., 1993). This 
peptide prediction is based on the sequence specific tryptic proteolysis at the C-
terminal residues lysine or arginine. Unknown protein can be assigned to a known 
protein in the database with a sufficient number of peptides overlapping. MALDI-MS 
has been widely used to identify proteins via peptide mass fingerprinting, rather than 
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measurement of the mass of intact protein. This is because proteins will be 
fragmented to some extent in MALDI-MS, resulting in obscure protein masses and 
low sensitivity in the detection of intact proteins. Through the automation of MALDI-
MS procedure, high-throughput protein identification has been achieved (Jensen et al., 
1997; Berndt et al., 1999). Hundreds of proteins can be simultaneously excised from 
the gels, trypsin digested, analyzed by MS and the acquired mass spectra are 
automatically used for database searching. To date, however, it would be difficult to 
mix and co-crystallize the chromatographic eluant automatically with matrix 
substance on the sample plate. Other than peptide mass fingerprinting, the peptide 
sequence can also be read out by mass spectrometer (Mann and Wilm, 1994). 
Traditionally, protein sequencing relied on stepwise cleavage of the amide bonds, 
such as Edman degradation (Samy et al., 1983). This amino-terminal protein 
sequencing, however, excludes large proteins with more than 50 amino acids (aa) and 
any modified proteins without a free amine at N-terminus. The emergence of ESI-
MS/MS in 1990s revolutionized the sequence analysis of proteins with much higher 
sensitivity and throughput (Loo et al., 1990). The sequencing mass spectrometer 
generally consists of two mass analyzers separated by a collision cell where peptide 
ions are fragmented via collision with inert gas (Hunt et al., 1986). Currently, triple 
quadrupole, tandem quadrupole/time-of-flight (Qq-TOF), time-of-flight/ time-of-
flight (TOF/TOF) and quadrupole/ion-trap mass spectrometers are mainstream 
instruments for protein sequencing. These sequencing tools, when coupled with 
chromatographic techniques, render the identification of proteins in a mixture feasible 
in that peptide sequence from mass spectra can be more accurately assigned to the 
protein sequence in the databases (Eng et al., 1994). A variety of algorithms have 
been worked out to facilitate the database searching using MS/MS spectra (Sadygov 
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et al., 2004), yet there is still room for improvement in order to accommodate aberrant 
analyte fragmentation and eliminate the false positive.  
              
Not only protein primary sequence, but also protein post-translational modifications 
could be characterized by mass spectrometer. Protein post-translational modifications 
are reversible chemical processes responsible for protein activity, localization and 
turnover. As a protein identification tool, MS also plays an important role in site-
specific recognition of the modifications on the proteins, such as protein 
phosphorylation, methylation, glycosylation and ubiquitination and sumoylation 
(Mann and Jensen, 2003; Peng et al., 2003; Boisvert et al., 2003; Vertegaal et al., 
2004). At the early stage, in order to reduce the peptide complexity, the tryptic 
peptides with interested modifications were enriched, prior to MS analysis, through 
affinity chromatography (Nuwaysir and Stults, 1993). This is presumably due to the 
detection limitation of MS at that time. With technical improvement, either gel-
separated or affinity-purified proteins with interested modifications could be directly 
sequenced by mass spectrometer (Betts et al., 1997; Kirkpatrick et al., 2005). On the 
mass spectra, the peptides with modification were distinguished from unmodified 
peptides by a mass shift with great sensitivity and broad dynamic range. It has been 
reported that as little as subpicomole of protein was sufficient for mapping protein 
modifications (Neubauer and Mann, 1999). Furthermore, with the aid of isotopical 
labeling, MS could not only identify but also quantify the protein phosphorylation and 
methylation (Oda, et al., 1999; Stemmann et al., 2001; Ong et al., 2004). However, 
one of the challenges in most MS-based mapping of protein post-translational 
modifications is that labile modifications on the proteins may be lost during peptide 
fragmentation in MS/MS. As a result, it is not feasible to determine the location of 
these modifications on the proteins through mass spectra. To address this problem, a 
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relatively new instrument, Fourier transform ion cyclotron resonance-mass 
spectrometry (FT-MS), when coupled with electron capture dissociation (ECD), 
shows its great potential for delicate mapping of protein post-translational 
modification (Kelleher et al., 1999). This is because several labile protein 
modifications proved to be intact throughout ECD process, leading to unambiguous 
localization of these labile modifications on the protein. As such, Kjeldsen et al. 
(2003) have presented a complete map of post-translational modifications on bovine 
milk protein.  
              
A third achievement made in MS-based proteomics is the sketch of protein-protein 
interaction network of an organism. Protein-protein interaction usually modulates the 
dynamics of protein functions within a multiprotein complex, such as spliceosome 
(Neubauer et al., 1997). With the availability of proteomic techniques, the delineation 
of protein-protein interaction network on an organelle- or even organism-wide scale 
becomes feasible (Ashman et al., 2001). Following co-purification of proteins and 
their interaction partners, they can be identified by either MS or MS/MS. In such a 
manner, Gavin et al. (2002) and Ho et al. 2002 have independently reported large-
scale identification of the yeast protein-protein interaction using tandem affinity 
purification (TAP) and immunopurification, respectively. According to the data 
available in literature, some 80,000 protein-protein interactions in yeast have been 
identified, depicting a comprehensive network of protein-protein interaction in yeast. 
Among these protein-protein interactions, however, only about three percent of them 
were corroborated by more than one method (von Mering et al., 2002). Other than 
data complementation between methods, this lack of overlapping is presumably 
ascribed to a significant number of false positives generated in high-throughput 
screening. To alleviate this problem, a control sample containing nonspecific binding 
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proteins could be prepared in parallel with the purification of protein complex. 
Through the comparison between samples, real protein binding partners could be 
distinguished from those nonspecifically bound proteins (Blagoev et al., 2003; Ranish 
et al., 2003). 
              
In addition to protein identification, MS has a long history of quantitative analysis in 
biomedical research (Lehmann and Schulten, 1978; Heck and Krijgsveld, 2004). As 
mention above, with the aid of isotopical labeling, MS has been extensively used to 
interrogate the protein abundance between samples (Turecek, 2002). This is based on 
the assumption that the height of the peaks on the mass spectra objectifies quantities 
of the substance in the sample. However, one caveat to this method is that among 
tryptic peptides, MALDI - time of flight (TOF) is more sensitive in the detection of 
arginine-containing peptides than that of lysine-containing peptide, concluding from 
the observation that the peak of arginine-containing peptide is typically 4 to 18 fold 
more intense than that of lysine-containing peptide on the mass spectra (Krause et al., 
1999). This bias towards arginine-containing peptides may complicate the 
identification and absolute quantitation of proteins by MS. To address this problem, 
Hale et al. (2000) resorted to the conversion of the C-terminal lysine of tryptic peptide 
into a more basic homoarginine residue through the guanidination reaction, which 
greatly increases the detection of lysine-containing peptides by MS. In a derivative 
procedure, Cagney and Emili (2002) have made use of lysine guanidination to 
quantify the lysine-containing peptides by ESI-MS. Similar to ICAT (vide ut supra), 
one sample was treated with a guanidination reagent, O-methylisourea, while another 
sample was untreated. The signal intensity ratios of unmodified and modified peptides 
provide relative protein abundance between samples.   
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Currently, as MS data can only be used to match “known” proteins in the databases, 
the availability of more protein sequences derived from ever-growing DNA sequence 
information is thus crucial to boost the success of MS in protein identification. While 
de novo peptide sequencing by MS/MS provides an alternative for protein 
identification, it is mainly used to identify new proteins due to technical complexity 
and relatively low throughput.  
 
1.5 Emerging techniques for protein activity-based profiling and microarray-
based protein characterization 
 
Besides the routine protein identification and quantitation mentioned above, protein 
activity-based profiling and microarray-based protein characterization are burgeoning 
fields in proteomics.  
 
1.5.1 Activity-based protein profiling           
 
In contrast to other housekeeping proteins, enzymes are one of the most important 
classes of proteins which are implicated in virtually every aspect of intracellular 
processes. Aberrant activation or dysfunction of many enzymes, such as kinases, 
phosphatases and proteases, will lead to a variety of diseases (Bauman and Scott, 
2002). Conventionally, the studies of enzymes have been conducted by painstaking 
screening and characterization of individual enzymes (Martzen et al., 1999). In the 
proteomic era, although a number of proteomic approaches can examine the relative 
abundance of proteins in a proteome, one of the remaining challenges today in 
proteomics is to fathom the activity of proteins, especially enzymes, which are 
typically vital in organisms, not only by their relative abundance, but more 
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importantly by their relative enzymatic activities (Baruch et al., 2004). In the last few 
years, our laboratory and other research groups have independently developed a series 
of activity-based approaches to study enzymes on a proteome-wide scale, i.e. 
catalomics (Hu et al., 2006). In these approaches, ABPs were harnessed to 
specifically target enzymes either in vitro or in vivo based on the inherent enzymatic 
activity (Speers et al., 2003; Ovaa et al., 2003; Saghatelian and Cravatt, 2005). 
Basically, ABPs are small chemical molecules with reporting tags, which can 
covalently label enzymes according to their inherent enzymatic activities (Huang et 
al., 2003; Jessani and Cravatt, 2004). The labeled enzymes can be separated from a 
proteome by 1-D or 2-D gel electrophoresis and identified by MS. In a recent study, 
Blum et al. (2005) have successfully applied enzyme-specific ABPs for the in vivo 
imaging of protease activity. By designing the probes with different reactive warheads, 
several classes of enzymes could be selectively targeted and subsequently visualized 
over other proteins from a complex proteome, thereby providing subproteomic 
profiles based on the enzymatic activities (Liau et al., 2003; Zhu et al., 2003; Wang 
and Yao, 2003; Zhu et al., 2004; Chan et al., 2004). However, these activity-based 
protein profilings are mainly based on electrophoretic and other chromatographic 
separation methods (Liu et al., 1999; Adam et al., 2004; Jessani et al., 2005), and thus 
require MS for individual protein identification, which makes them less than ideal for 
high-throughput protein analysis.  
 
1.5.2 Microarray-based protein characterization 
 
Over the past few years, microarray has catapulted into the limelight as a versatile 
platform for proteomic studies (Hu et al., 2006). Based on the entities immobilized on 
the glass slide, microarray can be classified into five categories: DNA microarray, 
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small-molecule microarray, peptide microarray, protein microarray and cell array 
(Chen et al., 2003). Herein, I will mainly discuss the application of DNA and protein 
microarray in proteomics.  
 
DNA microarray is a self-addressable miniature array of DNA fragments immobilized 
on the glass slide. When DNA or RNA samples are fluorescently labeled and 
hybridized onto the DNA microarray, both the identity and quantity of each DNA or 
RNA fragment in the sample can be readily unveiled with the aid of a fluorescence 
scanner (Schena et al., 1995). Since tens of thousands of DNA fragments can be 
spotted with high density on the array, information of the whole genome of an 
organism can be virtually procured in a single experiment, making it an ideal tool for 
high-throughput exploration.    
           
Conventionally, DNA microarray has been mainly exploited for profiling global gene 
expression at the transcriptional level (Lockhart and Winzeler, 2000). However, a 
self-addressable DNA microarray can also be used to decode DNA fragments in a 
complex sample. By combining DNA microarray technology with chromatin 
immunoprecipitation (ChIP), Ren et al. (2000) and Iyer et al. (2001) had successfully 
determined the genome-wide location of DNA-binding proteins, such as 
transcriptional factors. In their studies, DNA fragments enriched by 
immunoprecipitation were assumed to be protein-binding sequences, which could be 
subsequently decoded by the DNA microarray on an organism-wide scale. In this 
study, we will present one of the first examples where DNA microarray can be 
integrated with high-throughput screening of enzymes (Hu et al., 2006).  
          
Protein microarray is an emerging tool for the studies of protein functions and 
protein-protein interactions on a large scale. By immobilizing most of proteins from a 
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proteome onto a coin-size glass slide, high-throughput identification of proteins which 
bind to the protein of interest can be readily achieved. As such, Zhu et al. (2001) have 
fabricated a yeast proteome microarray containing 5800 yeast proteins and then used 
it to identify all the calmodulin- and phospholipid-interacting proteins in yeast 
proteome. Moreover, membrane protein-protein interactions, which are difficult to be 
analyzed by Y2H, can also be interrogated by fabricating membrane protein 
microarrays (Fang et al., 2002; Fang et al., 2006). In addition to protein-protein 
interaction, large-scale characterization of protein activities and functions has also 
been achieved in a high-throughput manner (LaBaer and Ramachandran, 2005; 
Merkel et al., 2005; Ptacek et al., 2005).  
          
Albeit promising, the application of protein microarray for the dissection of a 
proteome still faces several challenges. First, protein-protein interactions detected in 
protein microarrays are only known to be taking place outside the cells. It is not clear 
whether these in vitro protein binding assays can really recapitulate the protein-
protein interactions taking place inside the cells. Secondly, site-specific 
immobilization which can maintain native protein conformation is normally required 
to generate a functional protein microarray (Cha et al., 2005). To this end, however, it 
typically entails the laborious cloning, expression and purification of individual 
proteins before being spotted on the surface of microarray slide (Lesaicherre et al., 
2002; Lue et al., 2004; Yeo et al., 2004). A third issue is about the shelf-life of protein 
microarray. To date, it remains unaddressed how to fabricate a protein microarray 





1.6 Yeast and yeast proteome 
 
In this study, we will use yeast as a model organism and mainly dissect yeast 
proteome using advanced proteomic techniques. Herein current progress in the studies 
of yeast genome and proteome will be briefly reviewed.  
 
Yeast is a unicellular fungus, encompassing three model organisms, the budding yeast 
Saccharomyces cerevisiae, the fission yeast Schizosaccharomyces pombe, and 
Candida albicans (Herrero et al., 2003). To date, the most well-known and widely 
studied yeasts are the related strains of Saccharomyces cerevisiae, which have also 
long been used in the beverage industry for the fermentation of corn to produce 
alcohol.  
 
The budding yeast Saccharomyces cerevisiae is an ideal paradigmatic eukaryote for 
modern biological research (Botstein et al., 1997; Kolkman et al., 2005). As early as 
1996, the entire genome sequence of Saccharomyces cerevisiae was published 
(Goffeau et al., 1996). It has a compact genome in which 70% of DNAs are protein 
coding sequences, encoding some 6,000 genes with about 1 gene per 2 kilobases (kb) 
of DNA sequence. Unlike other higher eukaryotes, only approximately 4% of yeast 
genes contain introns, thereby simplifying the procedure of expression and 
identification of yeast genes (Costanzo et al., 2000). In addition, the budding yeast 
has been greatly facilitating gene cloning and functional studies since it can be easily 
cultured in the research laboratory and is amenable to various genetical manipulations, 
such as DNA recombination and gene disruption (Giaever et al., 2002). More 
importantly, Saccharomyces cerevisiae is an informative experimental model for the 
functional dissection of human genes and disease-related studies (Bork et al., 2004; 
Mager and Winderickx, 2005). Almost half of the genes implicated in human diseases 
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have their counterparts in yeast (Bassett et al., 1996). Therefore, advances in yeast 
genomics and proteomics will pave the way for a better understanding of cellular 
processes in human cells (Kumar and Snyder, 2001). Besides yeast genome, the yeast 
proteome has also been well-studied (Futcher et al., 1999). Not only has the standard 
yeast 2-D gel map with about 400 protein spots been identified, a yeast proteome 
database which compiles all the data from over 8,000 research reports is also available 
to provide comprehensive information of yeast proteome (Perrot et al., 1999; Hodges 
et al., 1999). In addition, several large-scale screening projects have provided a 
wealth of information about the yeast protein-protein interaction network since 2000 
(Uetz et al., 2000; Ito et al., 2001; Gavin et al., 2002; Ho et al., 2002). More recently, 
Kumar et al. (2002) and Huh et al. (2003) have independently determined individual 
yeast protein localization on a proteome-wide scale by using immunolabeling and 
green fluorescent protein (GFP) tagging, respectively. Albeit being well studied, with 
new cellular mechanism (like yeast apoptosis) being identified in yeast, yeast 
proteome still needs to be further dissected upon various biological perturbations 
(Masse and Arguin, 2005; Longo et al., 2005). Moreover, since there are to date a 
large number of yeast proteins whose functions remain unknown, activity-based 
profiling of yeast proteins on a large scale will be necessary for a better understanding 
of yeast enzymes (Saghatelian and Cravatt, 2005).  
 
1.7 Objectives  
 
In this study, we are mainly interested in developing and applying advanced 
proteomic techniques for high-throughput characterization of yeast enzymes on a 
proteome-wide scale (i.e. catalomics) from three different aspects (Figure 1.1): 1) 
quantitation of protein expression in yeast upon metal stimuli (quantitative 
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proteomics), which will lead to high-throughput identification of a large number of 
yeast enzymes involved in metal detoxification pathways; 2) identification of yeast 
enzyme (metacaspase)-interacting proteins (interactomics), which may be involved in 
yeast apoptosis; 3) identification of yeast enzymes in an activity-dependent manner 
(functional proteomics).             
 
Firstly, to partly address the problem in quantitative proteomics, a relatively new 
technique (i.e. DIGE) has been validated as a powerful tool in high-throughput protein 
profiling and rigorous protein quantitation. Changes in yeast proteome upon exposure 
to fifteen kinds of exogenous metal stimuli were examined by DIGE. This, to our 
knowledge, represents the first example to explore the high-throughput capability of 
DIGE and correlate variation in the yeast proteome with its response to different 
exogenous stimuli. Secondly, to improve the data quality in MS-based identification 
of protein-protein interactions, a new method to eliminate the nonspecific selections 
has been developed in this study. With the aid of DIGE, a control sample was 
prepared in parallel with the pull-down experiment and used to indicate the 
nonspecific binding. Subtraction of the nonspecific binding was believed to provide 
more rigorous protein-protein data in interactomics. Thirdly, to expedite the 
functional characterization of proteins in ABP-based functional proteomics, a new 
approach, termed Expression Display, has been developed in this study. By taking 
advantages of ribosome display, small-molecule probe and DNA microarray, enzymes 
were fished out from the library based on their inherent enzymatic activities, followed 
by facile protein identification through the hybridization of protein-coding DNA 
fragments onto a decoding DNA microarray. A yeast DNA library containing 384 
yeast ORFs was used to validate the strategy of Expression Display. In the following 
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endeavors, we sought to screen a phage-displayed library containing all the human 
cDNAs using a similar strategy.     
 
The development and application of advanced proteomic techniques mentioned above 
may have a significant impact on the proteomic studies from various aspects. Firstly, 
the simultaneous profiling of fifteen disturbed yeast proteomes by DIGE validates it 
as a powerful tool for the high-throughput identification of proteins. This comparison 
between disturbed yeast proteomes should also provide a first clue on the mutuality 
between different cellular defense mechanisms in eukaryotes and thus foster a better 
understanding of cellular responses to various metal stimuli. Potentially, DIGE-based 
expression profiling can be used to identify enzyme substrates on a proteome-wide 
scale by comparing the proteome profiles before and after the enzymatic reaction. We 
envision that not only the protease substrates, but also the substrates of kinases and 
phosphatases can be easily identified in such a manner. Secondly, the new strategy 
introduced for high-throughput identification of protein-protein interactions mainly 
addresses one of the biggest challenges in interactomics, i.e. nonspecificity. By 
introduction of a control sample in pull-down assay, high-quality data of protein-
protein interactions can be provided. This strategy will be potentially applicable for 
high-throughput identification of all the enzyme-interacting proteins in a proteome, 
including enzyme substrates and regulatory proteins. Thirdly, the development of 
Expression Display should be of great significance in high-throughput functional 
characterization of protein activities from any known or unknown organisms in that it 
circumvents the tedious procedures in MS-based protein identification and also helps 
to eliminate the bias against low-abundance proteins in current proteomic studies. 
Therefore this novel technique should complement other proteomic techniques 
currently employed in protein functional profiling. With more chemical tools being 
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developed in catalomics, Expression Display will find wider applications for the 
characterization and classification of all the enzymes in a proteome. Finally, the 
further application of Expression Display in the screening of human cDNA library 























Chapter 2 Proteome analysis of Saccharomyces cerevisiae 
under metal stress by two-dimensional differential gel 
electrophoresis (2-D DIGE) 
 
2.1 Introduction   
           
Large-scale protein quantitation is one of the primary goals of proteomics. The 
dynamics of protein abundance generally underlie the intracellular roles of each 
protein inside the cell. An urge to the global analysis of protein expression at the 
whole organism level gave rise to a new subfield, termed quantitative proteomics 
(Aebersold et al., 2000). To date, a number of techniques have been developed to 
address the limitations of conventional 2-DE in quantitative proteomics. Among them, 
a relatively new technique, i.e. DIGE, shows its great promise in rigorous quantitation 
of proteins in 2-D gels. In this study, we aimed to identify yeast proteins (mainly 
yeast enzymes) implicated in the defense mechanism against metal stress in an 
attempt to explore to the high-throughput capacity of DIGE.  
          
Trace metals are important cellular ingredients, some of which are enzyme cofactors 
and others are mainly responsible for the maintenance of inter- and intra-cellular 
osmotic balance and cell membrane potential (Gaskova et al., 1999; Finney and 
O'Halloran, 2003). It has been estimated that up to one-third of known enzymes 
require metal ions as cofactors in the catalytic processes (Gadd, 1992). Moreover, 
calcium ion has been widely recognized as an important second messenger in 
signaling transduction pathways (Hardingham and Bading, 1999). However, 
intracellular metal ions can be lethal if their concentrations exceed the physiological 
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tolerance of cells, which presents a serious threat to human health (Crossgrove and 
Zheng, 2004). The metal toxicity encompasses denaturation of proteins, replacement 
of cognate metals binding to the proteins, blocking of enzyme active sites and 
perturbation of redox equilibrium inside cells (Blackwell et al., 1998). The question 
about how cells respond to exogenous metal disturbance has been asked over a 
century and several model systems have been proposed to elucidate the defense 
mechanisms in prokaryotic and eukaryotic cells. Prokaryotes, for instance, typically 
use efflux pumps to export excess metal ions outside the cells (Silver and Phung, 
1996). Higher organisms, on the other hand, generally have several more elaborate 
ion transportation and sequestration pathways (Kaplan and O'Halloran, 1996). One 
well-known mechanism employs a tripeptide, glutathione (GSH), which has a low 
redox potential and high concentration (up to 10 mM) in yeast cells (Penninckx, 2002). 
GSH can be conjugated with free transition metal ions to form the organic GSH 
complex, which can be selectively recognized and secreted outside the cells by 
specific protein transporters (Li et al., 1997). Another sequestration mechanism relies 
on a family of cysteine-rich proteins, i.e. metallothioneins, which function as 
sacrificial scavengers to maintain low levels of free ions by tightly regulated metal 
chelation (Fischer and Davie, 1998). The adequate sulfur ligands present in 
metallothioneins can effectively bind to free metal ions and shield them from 
biological milieu.  
         
However, most studies in the pre-proteomics period have been restricted at the 
transcriptional level, where the mRNA levels in wild type strain and the knock-out 
mutant were compared after metal treatments (Ghosh et al., 1999). As such, 
individual genes or gene products implicated in metal resistance were identified. More 
recently, with the development of DNA microarray technology, high-throughput 
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methods for the global analysis of gene expression have been used to explore the 
cellular response to metal stimuli (Bouton et al., 2001). The examination of metal 
induced changes in mRNA abundance by DNA microarray provides a global view on 
cellular response to these biological disturbances. However, few reports have 
addressed how cells respond to the external stimuli at the translational level, whereby 
up- or down-regulation of specific clusters of proteins can be chalked up in response 
to the sudden influx of exogenous metals. Since proteins play more direct roles in 
biological pathways (as mentioned in chapter 1), a global proteome profile of protein 
expression, followed by high-throughput identification of proteins, will thus provide a 
more direct functional description of cellular response to biological perturbations at 
the translational level. This should be helpful to numerate components involved in 
different cellular pathways and eventually facilitate our understanding of a biological 
system at the proteomic level.  
 
2.2 Objectives 
            
DIGE had been successfully utilized to identify the difference in protein expression 
between healthy and diseased cells (Gharbi et al., 2002; Zhou and Li et al., 2002). In 
those experiments, however, only one or two kinds of protein samples were studied at 
one time. We sought to further evaluate the capacity of DIGE as a high-throughput 
proteomic tool for the global analysis of protein expression in yeast (Figure 2.1).  The 
budding yeast Saccharomyces cerevisiae was chosen as the model organism, and its 
proteome profiles were examined upon fifteen kinds of metal treatments. In each 
DIGE gel, an undisturbed yeast sample, as an internal standard, was run together with 
a metal-perturbed sample in each 2-D gel. Upon co-separation and image analysis, 
spots corresponding to differentially expressed proteins (mainly enzymes) were 
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readily matched and quantified. Theoretically and practically, only fifteen gels were 
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Figure 2.1 Methodology of proteome analysis by DIGE. 
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To our knowledge, this study represented the first example to explore the high-
throughput capability of DIGE and make use of it to correlate changes in protein 
expression inside yeast cells upon metal treatments. It thus provided the first clues on 
the crosstalk between different cellular defense mechanisms in yeast against metal 
stress.   
 
2.3 Results 
2.3.1 Metal survival test 
          
Based on the previous report by Pearce and Sherman (1999), we first examined the 
viability of yeast stain on agar plates containing different concentrations of metal salts. 
The concentration of each metal at which half of the yeast cells were viable was 
determined and applied in subsequent experiments (Figure 2.2). In this study, we 
sought to obtain the maximum disturbance of the yeast proteome by treating yeast 
cells with maximum length of exposure to the metal stimuli. Our primary goal was to 
examine the global profile of yeast proteome upon exhaustive treatments with 
different kinds of metal salts and also explore the feasibility of DIGE as a potential 


















Figure 2.2 Quantitative analysis of metal stress in Saccharomyces cerevisiae. (a) 
Tabular results of the quantitative analysis. CV: coefficient of variation between the 
metal treatments and the normal condition of the spot volumes.  The spot volumes 
were normalized by the total spot volume of the gel.  The fold differences were based 
on the normalized spot volumes. Ratio is the number of down-regulated proteins over 
that of up-regulated proteins (CV > 50%).  Metals were classified roughly based on 
this ratio: A (< 0.85); B (0.85-1.15); C (> 1.15).  (b) Graphical representation of up- 
and down-regulation effects on yeast proteome by different metals.  Series 1, CV > 
100% and down-regulation; Series 2, CV > 100% and up-regulation; Series 3, CV > 
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Copper sulfate               1 
Calcium chloride         200 
Cadmium chloride     0.025 
Cobalt chloride             1.2 
Chromium chloride        8 
Silver nitrate                 0.4 
Lithium chloride           40 
Manganese chloride      2 
Zinc chloride                 4 
  
Magnesium chloride   150 
Potassium chloride      600 
Sodium chloride          400 
Nickel chloride             2 
 
Rubidium  chloride      5 
Ferric chloride              8 
 
     147                 >6.0               175             >5.9            0.84 
     131                 >5.9               160             >5.9            0.81 
     139                 >6.0               173             >5.9            0.80 
      95                  >6.0               160             >5.9            0.59 
     190                 >6.0               209             >5.9            0.91 
     126                 >5.9               220             >5.9            0.57 
      86                  >5.9               192             >6.0            0.45 
     123                 >6.0               206             >5.9            0.60 
     145                 >6.0               247             >5.9            0.59 
 
     155                 >6.0               165             >6.0            0.94 
     241                 >5.9               186             >6.0            1.29 
     158                 >5.9               143             >5.9            1.10 
     154                 >5.9               149             >6.0            1.03 
 
     218                 >5.9               170             >5.9            1.28 
     291                 >6.0               194             >5.9            1.50 
 
    242              >2.2          299            >2.1              0.81 
    238              >2.1          289            >2.1              0.82 
    322              >2.1          365            >2.1              0.88 
    243              >2.1          389            >2.1              0.62 
    326              >2.1          369            >2.1              0.88 
    263              >2.2          379            >2.2              0.69 
    207              >2.1          345            >2.1              0.60 
    235              >2.1          354            >2.1              0.66 
    268              >2.1          423            >2.2              0.64 
 
    277              >2.1          302            >2.1              0.92 
    349              >2.2          335            >2.1              1.04 
    285              >2.1          303            >2.1              0.94 
    286              >2.1          305            >2.1              0.94 
 
    362              >2.1          316            >2.1              1.15 
    428              >2.1          341            >2.1              1.26 
N
um
ber of spots 
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2.3.2 Comparison of protein profiles of DIGE images with silver-stained images 
              
Since there were different protein staining/labeling methods used in this study, it was 
imperative to examine whether there were significant variations between gels 
visualized by different methods: i.e. Cy3-labeled fluorescent gels, Cy5-labeled 
fluorescent gels, and silver-stained gels. Firstly, two aliquots of the same untreated 
control sample were labeled by Cy3 and Cy5, respectively, and then resolved in the 
same 2-D gel. Figure 2.3 shows two fluorescent images of one protein sample labeled 
with Cy3 and Cy5, separately, on the same gel. By visual inspection, Cy3 and Cy5 
images on the same gel were superimposable in that all the spots showed up as yellow 
spots (Figure 2.3c), suggesting that the protein labeling by Cy3 and Cy5 will not 
cause significant spot shift in 2-D gel. This highlights the merit of DIGE that two 
images on the same gel can be more rigorously compared since it circumvents the gel-
to-gel variation.  
              
Similarly, we then compared the images of fluorescent gels and silver-stained gels. 
Two aliquots of the protein sample were either fluorescently labeled or unlabeled and 
then resolved in two separate 2-D gels. The 2-D gel containing the unlabeled protein 
sample was stained by silver-staining. Figure 2.4 presents the Cy3 gel image, Cy5 gel 
image and silver-stained gel image of the same protein sample. The image pattern of 
fluorescently labeled sample was rather different from that of the unlabeled one. This 
may be partly due to mass shift of the spots on 2-D gel caused by the binding of 
fluorescent molecules to the proteins. However, with the aid of the image analysis 
software ProgenesisTM, fluorescent image and silver-stained image could be well 
correlated as conventional 2-DE, where different gels are compared and averaged by 
using image analysis software with specified parameters. Results showed that there 
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were more proteins detected in fluorescent image than silver-stained image (Figure 
2.4), indicating that fluorescent labeling is more sensitive than silver-staining. 
Nevertheless, results also showed that a few spots on the silver-stained gel were 
absent on the DIGE gels. This may be explained by the reaction mechanism of 
fluorescent labeling. In DIGE, the fluorescent molecules can only react with the 
amine group of lysine residues on the proteins. As a consequence, proteins without 
lysine residues cannot be labeled and visualized on the DIGE gel. On the other hand, 
the different content of lysine residues in proteins can also complicate the labeling 
effects. In DIGE, proteins with low lysine content may be hypo-labeled, whereas 
proteins with high lysine content may be hyper-labeled. Therefore, although DIGE 
may be more sensitive than conventional staining methods, DIGE still cannot detect 
all the proteins resolved in 2-D gel. In terms of the sensitivity of DIGE, our 
conclusion that DIGE is more sensitive than other staining methods, including silver 
staining, is consistent with the observation by Gharbi et al. (2002), although other 
researchers have argued that fluorescent labeling is virtually as sensitive as silver-
staining based on their experimental results (Patton, 2002). This discrepancy may be 
ascribed to different silver-staining methods and distinct properties of protein samples 
used in respective studies.  
 
We next compared the fluorescent images of metal-treated and untreated control 
samples (Figure 2.4a, b). Results showed that most proteins in Cy3 and Cy5 images 
could be well matched. This is not surprising because most of the proteins should be 
identical in two samples and identical protein spots can match each other on the same 
gel based on the principle of DIGE. However, results also indicated that a few spots in 
the low-molecular-weight region were not matched between two fluorescent images. 
This is presumably because the mass shift arising from protein labeling may be more 
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significant for low-molecular-weight proteins. Additionally, to examine the 
reproducibility of DIGE, 2-D gel experiments have been repeated using the same 
protein sample. Results showed that similar spot patterns could be reproduced on 
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Figure 2.3 Comparison of protein patterns on DIGE images. (a) Yeast sample labeled 
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Figure 2.4 Comparison of protein patterns of DIGE images with the pattern of silver-
stained image. (a) Untreated yeast sample labeled with Cy3; (b) Metal (Co2+)-treated 
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Figure 2.5 Reproducibility of 2-D DIGE gels. Two aliquots of protein sample from 
untreated yeast were resolved in two separate gels, i.e. (a) and (b), respectively. Two 
aliquots of protein sample from cadmium-treated yeast were resolved in two separate 























































































2.3.3 Expression profiling of yeast proteome with different metals 
          
As mentioned above, metals are generally essential cellular components but toxic at 
high concentration to the living organism. An elevated concentration of metal ions 
may cause serious human disease (Crossgrove and Zheng, 2004). Previous studies of 
organisms under metal stress had typically been limited to a small number of proteins 
which are involved in metal detoxification (Li et al., 1997; Fischer and Davie, 1998). 
A global profile of protein expression pattern from an organism upon exposure to 
exogenous metal salts will, therefore, impose a significant impact on our 
understanding of the cellular defense mechanism at the translational level. Yeast is a 
simple eukaryotic organism with both its genome and proteome well characterized. 
We expected that the information of the metal stress on yeast will potentially be 
instructive to the study of other higher organisms.    
            
In this study, we used the combination of Cy3 and Cy5 in all our 2-D DIGE gels. 
Generally, DIGE can employ three kinds of spectrally resolvable and mass/charge-
matched fluorescent molecules, i.e. 3-(4-carboxymethyl)phenylmethyl)-3’-
ethyloxacarbocyanine halide (Cy2), Cy3 and Cy5, to label three different protein 
samples. However, earlier work had shown that the combination of Cy3 and Cy5 
labeling was the least variable one among all three possible dye combinations (Tonge 
et al., 2001). For the comparison across different DIGE gels, all the untreated yeast 
protein samples were labeled with Cy3 and metal- treated samples were labeled with 
Cy5 in each DIGE gel. In order to minimize other external effects (temperature, 
medium, etc.) on yeast proteome, each metal-treated yeast culture was grown in 
parallel with an untreated yeast culture. Therefore, fifteen untreated control yeast 
cultures were grown and analyzed, together with fifteen kinds of metal-treated yeast 
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cultures. In each gel, approximately a thousand of protein spots were visible, about 
20% of which saw significant changes in their expression levels upon the ionic stress 
(Figure 2.2). This is not out of our expectation, considering that exhaustive metal 
treatments were purposely conducted on yeast cells so as to maximize the changes to 
be recorded under our experimental conditions. According to the changes in 
expression level, there were roughly two groups of proteins in yeast proteome coping 
with metal toxicity. One group of proteins saw their expression changed only upon the 
treatment of one or a few metal ions, indicating that these proteins may be designated 
in the biochemical pathways essential for particular metal detoxification in yeast. For 
another group of proteins, their expression levels were altered when subjected to most 
of the metal treatments, suggesting that these proteins may be implicated in the 
general cellular defense mechanism in yeast. From the results of quantitative analysis 
of protein expression, fifteen metals were divided into three groups, A, B and C, 
based on their overall up-/down-regulation effects on the proteins. In group A, the 
majority of members are heavy metals including Cu2+,Co2+, Cd2+, Cr3+, Ag+ and Mn2+. 
These metals, together with Ca2+, Zn2+ and Li+, saw more protein being up-regulated. 
Group B metals, while comprising of most essential metals including Mg2+, K+, Na+ 
and Ni2+, had similar protein regulation effects on the yeast proteome in terms of the 
number of proteins being up-regulated or down-regulated. Another two metals tested 
in our experiments, Fe3+ and Rb+, were placed in group C. These two metals rendered 
more proteins down-regulated.  
        
There are several reasons accounting for distinct effects of different metal stimuli on 
yeast proteome. It has been shown that high concentrations of free metal ions would 
cause cell damage (Xavier et al., 2002). To avoid it, proteins which are implicated in 
the cellular defense mechanisms to combat metal toxicity, such as GSH and 
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metallothioneins, would be induced to sequester metals so as to reduce the amount of 
free metal ions inside the cells (Fischer and Davie, 1998; Penninckx, 2002). In group 
A, most members are transition metals which have been reported to be toxic to yeast 
cells (Pearce and Sherman, 1999). Therefore, certain proteins responding to these 
metal treatments might be directly involved in the metal detoxification, such as 
antioxidant proteins. The expression of other proteins, on the other hand, might be 
altered by metal disturbance as a result of DNA/RNA and protein damage. All group 
B metals, except for nickel, have not been documented that they are toxic to yeast 
cells. In this study, the changes in yeast protein expression upon exposure to these 
metals are presumably ascribed to the growth inhibition effect of excess metal ions on 
yeast cells. This growth inhibition effect is also statistically evident for the metals in 
group C, including Rb+ and Fe3+. In this group, more down-regulation effects of 
protein expression were observed, implying that either yeast is highly tolerant to these 
metal treatments or there are no efficient biochemical pathways in yeast to remove 
excess Rb+ and Fe3+. 
 
2.3.4 Quantitative thresholds of significant changes in protein expression 
          
In most previous reports, the quantitative analyses in DIGE were carried out 
according to the fold differences in the ratios of normalized spot volumes (Gharbi et 
al., 2002; Zhou and Li et al., 2002). An intrinsic drawback of this method is that the 
threshold for the analysis of high-molecular-weight proteins was typically different 
from that of low-molecular-weight proteins (Tonge et al., 2001). As a result, 
demarcation of the normalized spot volume according to protein molecular weight 
was inevitable in order to determine a threshold of significant changes in protein 
expression. This demarcation, however, was liable to produce variables due to distinct 
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scales of the spot volumes applied in different studies (Tonge et al., 2001). To address 
this problem, we sought to use the coefficient of variation (CV) in our quantitative 
analyses of protein expression. As a statistical term, CV represents the standard 
deviation of the samples expressed as a percentage of the sample mean, which is thus 
independent of the scales of the normalized spot volumes. Therefore, CV provides an 
accurate measurement of variations between samples.  
          
Although the combination of Cy3 and Cy5 used in this study for the protein labeling 
generates the least variation than other dye combinations, the slight difference in 
fluorescence and cross-over effects between Cy3 and Cy5 still impede a direct 
comparison of Cy3 and Cy5 images on the same gel (Patton, 2002), in that two 
images from the same protein sample labeled with Cy3 and Cy5, respectively, would 
still show slight difference in terms of normalized spot volumes. By taking this 
variation into account, we sought to generate a statistical standard deviation for our 
experimental data and determine a CV threshold of the spot volumes to distinguish 
the differences in protein expression arising from experimental variation from those 
caused by the biological perturbations. To this end, two aliquots of the control sample 
were labeled with Cy3 and Cy5, respectively, mixed and separated in the same 2-D 
gel. After image scanning, the quantitative data of each protein spot in the same 
sample were collected by the software Progenesis™. Based on these data, we 
determined that the CV threshold of 95% of confidence was approximate 50%, which 
was equivalent to a 2.1-fold difference in protein expression, and the CV threshold of 
99% of confidence was 100%, which was equivalent to a 5.7-fold difference in 
protein expression (Figure 2.2). Under our experimental conditions, over 200 proteins 
saw their expression levels altered by five-fold, whereas up to 700 proteins had more 
than two-fold changes in expression levels (Figure 2.2).  
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2.3.5 Quantitative and qualitative analysis of individual spots across fifteen 
DIGE gels 
           
As one of the primary goals in this study, validation of DIGE as a powerful tool for 
potential high-throughput proteome analysis was conducted by using only one 
undisturbed control sample as an internal reference to run along with each metal-
treated yeast sample in the same 2-D gel. The fifteen images of the control sample 
(Cy3 channels) in fifteen gels were used to match the spots of the same proteins in 
different metal-treated samples (Cy5 channels). By simple visualization, the fifteen 
Cy3 images from the same control yeast sample in fifteen 2-D gels showed that more 
than 80% of all the proteins detected could be readily matched across fifteen 2-D gels. 
Further adjustments of the spots, either manually or with the aid of the software, were 
able to match nearly all the spots in different gels. These results clearly demonstrated 
the advantages of DIGE over conventional 2-DE in that a sample employed as an 
internal reference in DIGE can be used for the comparison of protein spots between 
gels. Therefore, we envision that DIGE will find wide applications in potential high-
throughput proteomic studies.   
 
In order to further identify proteins that had undergone significant induction or 
repression upon metal stimuli, spots were manually excised from the gels and trypsin-
digested, followed by peptide fingerprinting using MALDI-TOF mass spectrometer. 
In this study, we mainly chose those proteins that observed expression changes upon 
most metal treatments. Among these proteins, some low-abundance proteins eluded 
the identification by MS, due to technical limitations. In all, about a hundred proteins 
were analyzed by MS and more than fifty yeast proteins were unambiguously 
identified by MS. These identified proteins were divided into several groups 
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according to their known biological functions (Figure 2.6 and Table 2.1), such as 
proteins with antioxidant properties, heat shock proteins, etc.  
   
From MS results, it showed that a majority of the identified proteins with significantly 
altered expression levels were yeast enzymes, suggesting that enzymes may play 
important roles in yeast defense mechanism against metal stress. Among five enzymes 
with antioxidant properties, four enzymes saw their expression level down-regulated 
upon most of the metal treatments, indicating yeast cells had undergone oxidative 
stress. Of particular interest to us is the protein, Cu/Zn superoxide dismutase (SOD1), 
which has been well known as an anti-stress enzyme with important roles in copper 
and zinc detoxification pathways (Culotta et al., 1995; Wei et al., 2001). Other than 
copper and zinc, however, SOD1 was also induced upon exposure to almost every 
metal ion examined in this study (Figure 2.6). Treatments with most metals in group 
A resulted in over two-fold up-regulation effects on SOD1, whereas the CV of Ag+ 
was less than the quantitative threshold for significant changes in protein expression 
we had determined as described above. In this group, a transition metal, i.e. 
manganese, did not show much induction effect on SOD1 expression. This is 
presumably because another protein, superoxide dismutase 2 (SOD2), is present 
within the mitochondrial matrix and responsible for protecting the cells from 
manganese toxicity in yeast (O'Brien et al., 2004).  
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Figure 2.6 Protein map of Saccharomyces cerevisiae and 3D profiles of SOD1 
present in fifteen gels. (a) Protein map of Saccharomyces cerevisiae. All proteins 
identified by MS were highlighted, together with their ORF names. Protein SOD1 
was highlighted in a circle.  (b) 3D profiles of SOD1 present in fifteen gels.  Left 
panels show Cy3-labeled control samples, while right panels are Cy5-labeled metal-
treated samples.  The images of spots are displayed in both the upper panels (two-


























Interestingly, in contrast to previous observation that SOD1 was not induced by 
cadmium treatment (Vido et al., 2001), the CV of Cd2+ in our experiment data was de 
facto higher than 100%, representing a 6.5-fold change in SOD1 expression. This 
discrepancy may be explained by the different exposure time of yeast to Cd2+ between 
two experiments. In the work carried out by Vido and co-workers, exponentially 
growing yeast cells were disturbed by Cd2+ only for 15 minutes to 1 hour (Vido et al., 
2001). In our experiments, however, the yeast proteome was exhaustively perturbed 
by Cd2+ before harvest. We may, therefore, suppose that SOD1 may be still 
implicated in the detoxification of heavy metals including cadmium, although the 
induction effect on SOD1 expression was not detectable at the initial stage of 
cadmium treatment. As the cells were exposed to prolonged treatment by cadmium, 
SOD1 could be adequately induced to remove the excess Cd2+. Recent study has 
further verified the function of SOD1 in cadmium detoxification by examining the 
metal stress on yeast cells lacking SOD1 (Adamis et al., 2004). In group B, all the 
metals, except for magnesium, could significantly induce SOD1 expression. The CVs 
of Rb+ and Fe3+ (two metals in group C) were 105% and 77%, respectively. This 
relatively lower induction effect of Fe3+ on SOD1 expression is presumably because 
there is lack of an effective transportation system to export the Fe3+ outside the yeast 
cells (Kaplan and O'Halloran, 1996). Among all fifteen metals examined in this study, 
the CVs of Cu2+, Cd2+, Cr3+, Zn2+, Ni2+ and Rb+ (most of which are transition metals) 
were higher than 100%, corresponding to more than 6.4-fold changes in SOD1 
expression. From these results, we suggest that SOD1 may play a vital role in cellular 
defense mechanism coping with metal toxicity at the translational level, which is 
consistent with other reports (Culotta et al., 1995; Sumner et al., 2005). Strikingly, a 
so-called “non-toxic” metal, i.e. Zn2+, had the highest up-regulation effect on SOD1 
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expression. This finding corroborated the significant role of SOD1 in zinc 
homeostasis, besides its antioxidant property (Wei et al., 2001).  
         
In addition to antioxidant proteins, a majority of identified heat shock and chaperone 
proteins were down-regulated by most of the metal treatments, indicating that a 
critical balance of metal content is required for the protein folding processes. The 
expression of most proteins implicated in the carbohydrate metabolism processes 
were also repressed, which underlines the inhibition effects of high-dosage metal ions 
on yeast cell growth. As for proteins implicated in DNA/protein synthesis and 
transcriptional regulation, some proteins were up-regulated while others were down-
regulated, further evincing the complexity of the cellular defense mechanism against 
metal stress in yeast.   










Table 2.1 Proteins related to metal stress in yeast. 
 
Gene 
Name        Metal        
Protein 
Function 
    A                                    B              C 
  Cu2+ Ca2+ Cd2+ Co2+ Cr3+ Ag+ Li+ Mn2+ Zn2+ Mg2+ K+ Na+ Ni2+ Rb+ Fe3+  
AHP1 -127 -101 -55 -69 -105 -88 N -78 -74 -141 -139 -139 -108 -141 -114 thioredoxin peroxidase 
CCP1 N N N 64 -139 -122 N N -126 -132 -75 -115 -91 -141 N cytochrome-c peroxidase 
PNC1 N -68 N N N -119 -99 -70 N N -141 N 53 N -64 NAD(+) salvage pathway 




TSA1 -105 -70 N N -78 -53 N -99 -53 -132 -55 N -139 -76 N antioxidant enzyme 
CPR5 N N N N N -63 N N -119 N N N N N N cyclophilin D 
SSA1 -141 -106 -88 -141 -141 N N -137 -141 -133 -141 -132 -140 -103 -133 heat shock protein 
SSA2 -141 -109 -51 -138 -141 N N -141 -139 -128 -141 -137 -141 -133 -136 heat shock protein 
Heat shock and 
chaperone 
proteins 
HSP26 N N N N -126 N -128 N N N -59 N -66 -141 N heat shock protein 
Proteases PEP4 N N -57 -102 N -99 N N N 96 83 N -141 N N vacuolar proteinase A 
ALD3 -106 -109 N -73 -138 N -74 -101 -138 -135 -122 -57 -134 -72 -132 aldehyde dehydrogenase 
ALD6 -120 -109 N -106 -110 N -54 N -109 -129 -113 -102 -120 -72 N aldehyde dehydrogenase 
DAL7 -136 -100 -100 -56 -140 -65 N -139 -134 -141 -127 -141 -72 -132 -141 malate synthase 
ENO2 N -60 -108 N -83 N N N N N -55 N N -105 -132 enolase 
FBA1 63 82 102 70 95 N 141 N 101 N N 50 56 N 50 fructose-bisphosphate aldolase 
GLK1 -59 N -105 N -118 N 65 141 -122 -141 -124 -141 -141 141 -139 glucose phosphorylation 
GPD1 -64 -140 -119 -140 -140 -136 N -141 -122 -121 -78 N -97 -105 -139 glycerol-3-phosphate dehydrogenase 
IPP1 -141 -120 -112 -106 -94 -100 N N -141 -141 -120 -128 -138 -133 -100 Inorganic Pyrophosphatase 
PCK1 -111 N N N -114 -141 141 N -97 -137 -120 -107 N -63 N phosphoenolpyruvate carboxylkinase 
PDC1 -90 N -68 N -120 N 77 N -114 -130 -100 -70 -99 -124 -100 pyruvate decarboxylase 
PGK1 -119 -117 -124 N -99 -126 N -63 -75 -73 N N -55 N -68 phoshoglycerate kinase 
PGI1 N -100 -100 -84 -103 -141 N -132 -117 -141 -128 N N -112 -140 glucose-6-phosphate isomerase 
TDH2 -76 N N -83 -140 -100 N N -137 -141 -132 -110 90 -133 -82 glyceraldehyde 3-phosphate dehydrogenase 
TDH3 -141 N -125 -113 -141 N N -141 -100 -93 -92 141 -133 -117 -91 glyceraldehyde-3-phosphate dehydrogenase 
TPI1 N -80 N -59 N -61 N N 50 66 N N -141 88 N triose-phosphate Isomerase 
Carbohydrate 
metabolism 
YEL047C -141 N -111 -141 -103 N N 141 -125 N 141 N 141 141 -138 fumurate reductase soluble 
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Table 2.1 (continued) 
ADE1 N -50 N N N -112 -93 N N -124 N N N N N phosphoribosyl amino imidazolesuccinocarbozamide synthetase 
ADO1 -102 -115 N N N -100 N N -141 N N N 66 -86 -89 adenosine kinase 
APT1 -67 110 123 117 -110 68 -82 107 125 -60 -90 N N -99 N adenine phosphoribosyltransferase 
BET4 N 101 -114 69 N 103 134 N -141 -126 N -136 N -86 -99 catalyzes prenylation of Ypt1p 
FCY1 91 N N N N -68 N 59 N 50 68 52 83 N 93 cytosine deaminase 
LYS9 -52 -126 N -92 -128 -114 N -135 -141 -135 N -82 N -83 -128 saccharopine dehydrogenase 
RPN9 -140 N -127 N N N -141 141 -141 N 141 -91 141 141 -141 regulatory particle non-ATPase 
DNA/Protein 
synthesis 
SAM1 -63 -124 -64 -138 -128 -111 N -136 -136 -120 -116 N N -134 -75 S-adenosylmethionine synthetase 
EGD2 -135 60 N N -121 58 89 112 107 -89 -61 -119 -74 -141 N GAL4 enhancer protein 
HFI1 -141 N -52 -141 -103 N N 141 N N 141 N 141 N -132 transcription factor involved in global regulation of gene expression 
MED4 -112 87 N 101 132 N N 82 128 N 115 N 63 98 N member of RNA polymerase II transcriptionalregulation mediator 
Transcription 
regulation 
PET18 -122 -61 -68 N -96 -110 N N -126 90 -120 -98 -53 -134 -85 transcription regulator 
ACT1 101 88 124 N N 118 N N 116 N N N -86 122 N actin 
ADK1 88 N N 53 89 N N -129 N N N N -141 95 N adenylate kinase 
ARP2 -141 -132 -129 -135 -51 -108 -70 -80 -138 -132 -138 -135 -136 -140 -117 actin-related protein 
BMH1 -137 -110 -80 N -126 -87 -98 N -136 -135 -124 -130 -71 -140 -140 brain Modulosignalin Homolog 
BMH2 -140 -110 -78 N -138 -94 N N -140 -136 -133 -129 -64 -140 -141 brain Modulosignalin Homolog 
DAL3 N N -53 55 N -90 N N 50 -59 -52 N -100 N N ureidoglycolate hydrolase 
SAR1 N -54 -103 N N -109 N N 61 -72 N -56 -77 -139 -104 GTP-binding protein of the ras superfamily 
Unclassified 
proteins 
SBA1 -125 69 -104 -137 N -84 -50 -141 76 52 N N N N N 
binds to Hsp90 and is important for 
pp60v-src activity 
                                                         
                                                         TPM1                -63               N              N             N             138            N               55               N                   74            -74             -103           -79              N              -67             N            tropomyosin 
  VMA1 N N N -76 N 117 86 -103 N 109 N 74 72 N -136 vacuolar H-ATPase catalytic subunit 
PST2 -119 -117 -65 N -99 -126 N -63 132 -73 115 N N N -68 protoplasts-Secreted protein 
YFR044C N -137 -99 -71 -106 N N -107 -138 -135 -139 N N -124 -117 hypothetical ORF 




YLR301W N -113 -62 N 52 -103 -118 N N N N N N 62 -96 hypothetical ORF 
    (+)  Upregulation; (-) downregulation; N, the value of CV is lower than 50% and thus shows no significant changes. 
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2.4 Discussion  
2.4.1 An overview of DIGE and its limitations in proteomic applications 
          
Building on conventional 2-DE methods, DIGE made further advances by adding a 
reference dimension for rigorous quantitation of relative protein expression level. 
Besides yeast, DIGE has been successfully applied to other model organisms, such as 
mouse (Tonge et al., 2001), human (Zhou et al., 2002), bacteria (Yan et al., 2002), cat 
(Van den Bergh et al., 2003), rat (Sakai et al., 2003), and maize (Casati et al., 2005). 
          
In these studies, DIGE has shown considerable advantages over conventional 2-DE in 
a number of proteomic applications (Hu et al., 2004). As presented in this study, a 
salient feature of DIGE is the introduction of an internal standard in each 2-D gel, 
allowing simultaneous analysis of a batch of protein samples in a limited number of 
gels. Since each 2-D DIGE gel shares a common internal standard, the protein profiles 
across different gels could also be easily correlated and compared. More importantly, 
this in-gel ratio measurement with an internal standard as a reference is more accurate 
than absolute measurement of spot volumes. When the significant role of internal 
standard was established in DIGE, a following issue was to determine a protein 
sample which can be used as the internal control. In this study, an aliquot of untreated 
yeast cells was cultured in parallel with all the metal-treated yeast cells, so as to 
minimize other external effects (temperature, medium, etc.) on yeast proteome. 
Nevertheless, it is sometimes difficult to procure a control sample identical to the 
sample before being biologically disturbed. For instance, human proteome varies 
substantially not only between individuals, but also within individuals. Moreover, it is 
to date practically and ethically infeasible to clone a human being for scientific 
research. In these cases, the control sample could be prepared by combining equal 
 58
amount of each sample to be analyzed. Therefore, this control sample has averaged 
protein content of all the samples and can be used to determine the relative protein 
expression level in each sample. By using a pooled internal standard, Seike et al. 
(2004) have recently profiled the proteome of 30 human cell lines in a high-
throughput fashion. Similar to our work, they used a two-dye system in which the 
control sample was labeled with Cy3 and co-separated with each Cy5-labeled protein 
sample in the 2-D gels.  
         
In addition to two-dye system, other researchers have taken advantages of a triple-
color system with the introduction of a pooled protein sample labeled with Cy2. 
Gharbi et al. (2002) first demonstrated the use of triple-color gels for the quantitation 
of time-course protein expression in the cells treated with particular growth factor, 
where a Cy2-labeled sample was used as an internal control resolved together with 
Cy3 and Cy5-labeled protein samples in the same 2-D gel. Alban et al. (2003) further 
explored this triple-color system in quantitative analysis through “artificial” protein 
samples in which bacterial lysate was spiked with different amount of purified 
proteins. However, there is mounting evidence suggesting that this triple-color system 
would produce more variables than two-dye system do using Cy3 and Cy5 (Tonge et 
al., 2001; Karp and Lilley, 2005). This variation is presumably because of the 
difference between the chemical properties of Cy2 and Cy3/Cy5. Compared to Cy3 
and Cy5, Cy2 is a weaker fluorophore and the fluorescent signal of Cy2 is closer to 
the background (Karp and Lilley, 2005). As a result, the Cy2 signal might be more 
easily blurred by the system noise and therefore caution must be exercised in 
analyzing the data from triple-color system.  
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As an emerging technology, DIGE has shown decent compatibility with other 
advanced techniques.  First of all, it is compatible with MS, enabling the downstream 
protein identification. Secondly, Zhou et al. (2002) and Lee et al. (2003) have 
successfully coupled DIGE with laser capture microdissection (LCM) to profile 
different cell populations. Moreover, through the enrichment of intracellular 
organelles, profiling of subcellular proteome could also be achieved by DIGE (Lehr et 
al., 2005). In other examples, Van den Bergh et al. (2003) and Qin et al. (2005) have 
found that prefractionation of complex proteome by reversed-phase HPLC prior to 
DIGE allows for successful detection and characterization of low abundance proteins. 
Other than low-abundance proteins, membrane proteins which were also excluded 
from conventional 2-DE experiments have been successfully identified from the 
Escherichia coli proteome by 2-D DIGE (Yan et al., 2002). All these evidence clearly 
demonstrated that DIGE is a powerful tool for high-throughput quantitation of protein 
expression and also provides opportunities to detect and quantify low-abundance 
proteins and the proteins with unique properties.  
          
Notwithstanding its great promise, DIGE has inherent drawbacks. In DIGE, the 
hydrophobic fluorescent molecules are used to label the proteins by reacting with 
surface-exposed lysine residues. The addition of fluorescent dyes on proteins can 
decrease protein solubility and may thus precipitate the proteins, to some extent, 
before gel electrophoresis (Unlu et al., 1997). Furthermore, since the efficiency of 
protein labeling is dependent on the lysine content of proteins, certain proteins with 
high lysine content will be hyper-labeled while other proteins will be hypo-labeled by 
the fluorescent dyes, thereby complicating the subsequent quantitative analysis. To 
partially alleviate these problems, minimal labeling is generally applied in DIGE. The 
labeling reaction was typically optimized such that only 1-5% of lysine residues in a 
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given protein were labeled (Unlu et al., 1997; Shaw et al., 2003). However, the 
minimal labeling compromises the detection sensitivity of DIGE. On the other hand, 
due to the covalent linkage of Cy3 or Cy5 to the proteins, which adds approximately 
500 daltons (Da) each to the protein mass, there was a slight migration difference 
between labeled protein and the bulk of unlabeled protein in 2-D gel. As a 
consequence, protein spots observed in the fluorescent image cannot be directly 
excised from post-stained 2-D gel. In our group, we usually post-stained the 2-D 
DIGE gels with silver-staining or SyproRubyTM before spot excision. In an alternative 
strategy, Shaw et al. (2003) have developed a new batch of DIGE Cy3 and Cy5 dyes, 
which labeled free cysteine residues of proteins through saturation labeling. The 
saturation labeling offers greater sensitivity than the conventional DIGE method 
(Marouga et al., 2005). However, the biggest problem with saturation labeling is the 
decreased solubility of labeled proteins due to the hydrophobicity of the fluorophores 
as mentioned above. As much as 25% of the total proteins would be precipitated upon 
saturation labeling, which could be even worse for high-molecular-weight proteins 
with higher cysteine content (Shaw et al., 2003). Furthermore, since this saturation 
labeling can only label proteins with free cysteines, certain proteins with low cysteine 
content may not be labeled with these fluorescent dyes, thereby constraining its 
applicability in proteomics. To address this problem, Chan et al. (2005) recently 
sought to combine the cysteine labeling with lysine labeling to profile the proteome of 
epithelial cells exposed to oxidative stress. As expected, the combination of two 
labeling methods has presented a more complete list of identified proteins in the 
proteome, suggesting that proteins lack either cysteine or lysine residues can be 
studied with the combined labeling methods.  
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Another problem in DIGE is the preferential labeling of proteins by different 
fluorescent dyes. A basic assumption in DIGE is that all the fluorescent dyes can label 
proteins with approximately the same efficiency. However, it has been found that this 
assumption may not hold true. Under same conditions, the fluorescent intensity of 
Cy5-labeled protein might be slightly higher than that of the same protein labeled 
with Cy3 (Karp and Lilley, 2005). In addition, the crossover effect between Cy3 and 
Cy5 dyes on the same protein has also been observed (Patton, 2002). In our study, we 
addressed these problems by resorting to a statistical threshold to differentiate bona 
fide changes in protein expression from the system variations. When the data with 
high confident level are required, this threshold is typically high, which will probably 
mask those real subtle changes in protein expression. These subtle changes, however, 
might be more critical to elucidate a perturbed biochemical pathway. 
 
2.4.2 The putative functions of identified proteins in cellular defense pathways 
         
In Table 2.1, the identified proteins encompass antioxidant proteins, heat shock 
proteins, transcription factors, etc. Some of the proteins have been individually 
characterized and designated in metal detoxification pathways. One enzyme (AHP1), 
for instance, has been shown that it might be implicated in manganese transportation 
from the cytosol to mitochondria in yeast (Farcasanu et al., 1999). In our study, AHP1 
saw a lower expression level in the metal-treated sample than that in the untreated 
control sample. This is presumably because AHP1 can chelate the free manganese ion 
and then co-transfer into the mitochondria, whereas most proteins in the mitochondria 
fraction were not resolved in 2-D gel under the conditions applied in our 2-DE 
experiments. This presumption is supported by the observation that while yeast AHP1 
was normally in the cytosol, this protein would be mainly located in mitochondria 
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upon biological perturbations (Farcasanu et al., 1999). Akin to AHP1, TSA1 is 
another thioredoxin peroxidase ubiquitous in yeast cells to reduce hydroperoxides 
(Grant, 2001). AHP1 and TSA1, together with glutathione and thioredoxin systems, 
can not only efficiently maintain the redox homeostasis in yeast cells, but also 
efficaciously pull the cells through stress conditions (Grant, 2001). A third enzyme 
with antioxidant property, CCP1, is a metalloprotein that has an iron binding center 
(Bonagura et al., 2003). In this study, while CCP1 was significantly repressed by 
other metal treatments, its expression was not attenuated by Fe3+, implying that CCP1 
is likely to be involved in iron chelation or transportation in yeast (Kaplan and 
O'Halloran, 1996). The fourth protein with antioxidant property, PNC1, is a longevity 
protein taking charge of the yeast lifespan. It has been documented that 
overexpression of PNC1 could extend the lifespan of yeast stains under low-intensity 
stress (Anderson et al., 2003). However, most of metal treatments examined in our 
study, except for Ni2+, had either down-regulation or insignificant effects on PNC1 
expression. We thus speculated that certain exhaustive metal treatments, in contrast to 
low-intensity stress, might shorten the yeast lifespan by suppressing PNC1 expression.   
          
Among other proteins being induced by metal stress, two enzymes, FBA1 and TPI1, 
are typically involved in glycolysis pathway and both can catalyze the conversion of 
glyceraldehyde-3-phosphate to dihydroxyacetone phosphate. It has been reported that 
FBA1 and TPI1 could be post-translationally modified with GSH, which prevented 
them from further destructive oxidation under stress conditions (Shenton and Grant, 
2003). However, our results showed that while most of metal treatments could to 
some extent induce FBA1 expression, the expression of TPI1 was attenuated by 
several kinds of metal treatments. These findings suggest that there might be an 
elaborate mechanism, which currently eludes our understanding, to differentiate the 
 63
cellular functions of FBA1 and TPI1 in yeast cells. Another two enzymes, PEP4 and 
RPN9, are mainly involved in yeast protein degradation. PEP4 can help to degrade 
some stable proteins in response to an elevated metal concentration in yeast 
(Swaminathan and Sunnerhagen, 2005). As for RPN9, of particular interest to us was 
the observation that the yeast cells lacking RPN9 became more resistant to hydrogen 
peroxide treatment (Inai and Nishikimi, 2002). This observation is consistent with our 
results where the expression level of RPN9 was much lower in the yeast cells upon 
six kinds of metal treatments than that in the control yeast cells. On the other hand 
however, four metal ions, i.e. Mn2+, K+, Ni2+ and Rb+, could still elicit a significant 
overexpression of RPN9.  The different effects of metal treatments on RPN9 
expression further suggest that there might be several defense mechanisms in yeast 
against metal stress. A fifth protein, HFI1, is a transcription factor implicated in 
global regulation of gene expression. HFI1 has been linked to the cellular defense 
mechanism by the evidence that HFI1 could maintain the integrity of yeast 
chromosome and mitochondrial genome under stress conditions (Koltovaya et al., 
2003). In addition, another enzyme (VMA1) has found its important roles in 
regulating intracellular Ca2+ homeostasis in yeast cells (Ohya et al., 1991).  It has 
been shown that proper expression of VMA1, a functional subunit of vacuolar 
ATPase, was important for the ATPase activity, while the abolishment of this ATPase 
activity resulting from VMA1 deficiency rendered the yeast cells sensitive to Ca2+ 
(Ohya et al., 1991). Taken together, all these proteins (mainly enzymes) could be to 
some extent induced by various metal treatments, although we also noticed some 
down-regulation effects of metal stress on these proteins. These two sides of a coin 
imply the complexity of the cellular defense mechanism in yeast.  
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2.4.3 Complexity of cellular mechanisms for metal homeostasis in yeast 
          
In prokaryotes and eukaryotes, there are a number of defense mechanisms known to 
evade cell damage resulting from over-abundant metal ions and reactive oxygen 
species (Temple et al., 2005; Masse and Arguin, 2005). Some antioxidant enzymes, 
for instance, can catalyze the disproportion of superoxide anion to hydrogen peroxide 
and oxygen in yeast (O'Brien et al., 2004). In this study, we found that some metals 
belonging to the same group could have different effects on the same protein, as 
exemplified by the difference in their expression levels (up- & down-regulation). 
SOD1, for instance, could be induced by most of the metals in group A, including 
Cu2+, Zn2+ and Cr3+, which is consistent with others’ reports (Culotta et al., 1995; Wei 
et al., 2001; Sumner et al., 2005). However, SOD1 was not found to be significantly 
induced upon the manganese treatment. We postulated that SOD1 may not be actively 
involved in the defense mechanism against manganese perturbation, whereas another 
enzyme, SOD2, complements SOD1’s function in such a way that it can effectively 
sequester the excess manganese and cadmium ions inside the yeast cells (Vido et al., 
2001; O'Brien et al., 2004). Therefore our results, together with other recent 
literatures, strongly suggest that both SOD1 and SOD2 have not only overlapped but 
also distinct functions in yeast defense mechanism to remove excess metal ions.   
             
It should be pointed out that, since many other proteins undergoing metal-dependent 
expression changes were not identified by MS in this study, the data in Figure 2.2 and 
Table 2.1 may not completely depict the outcome of yeast proteome upon metal 
treatments. In addition to SOD1 and SOD2, both GSH and metallothioneins also play 
vital roles in metal detoxification in yeast, as mentioned above. The relationship 
between GSH, SOD1/SOD2 and metallothioneins has been illuminated by cumulative 
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advances in the studies of yeast mutant strains. Tamai et al. (1993) have shown that 
the yeast or monkey metallothioneins could assume the duty of SOD1 in SOD1 
deletion yeast stains under stress conditions. More recently, Adamis et al. (2004) have 
found that the expression levels of two proteins were elevated in the yeast cells 
lacking SOD1/SOD2 upon cadmium treatment. One protein is the metallothionein and 
another is a protein which constitutes a vacuolar glutathione conjugate pump. Since 
these two proteins were known to be able to protect the yeast cells against cadmium, it 
thus indicated that both metallothioneins and GSH mediated metal transport could be 
complementary pathways to effectively remove excess metal ions from yeast mutant 
cells lacking SOD1/SOD2. However, it still remains elusive how these proteins 
interplay with each other in the wild-type yeast strains for the maintenance of metal 
homeostasis inside the cells. It is envisaged that the overlapping mechanisms in 
eukaryotes against metal stress will be further understood using advanced proteomic 
tools, as explored in this study.  
 
2.5 Conclusions and future directions 
       
Taken together, we have successfully employed DIGE for a global profiling of the 
yeast proteome in response to fifteen kinds of metal stimuli. A total of fifteen 2-D gels 
were sufficient to illustrate the cellular effects of fifteen kinds of metal treatments on 
yeast at the translational level, in contrast to at least 30-75 2-D gels required in the 
conventional 2-DE to provide equivalent information on yeast proteome. This, to our 
knowledge, presented the first example whereby DIGE was exploited for the analysis 
of protein expression in a high-throughput fashion. Also for the first time, the cellular 
response of yeast to different types of exogenous metal ions has been systematically 
examined at the translational level, resulting in the identification of a large number of 
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yeast enzymes which may be involved in defense mechanism against metal stress. 
This work thus provides the clues on how yeast cells respond to a variety of metal 
stimuli at the translational level, as well as the distinct effects of various metals on 
those detoxification proteins, leading to a better understanding of biochemical 
pathways in yeast to combat metal toxicity. We envisage that the study of metal stress 
on yeast will be potentially useful for the unveiling of conserved metal detoxification 
mechanism from yeast to human.  
             
As a relatively new technique, DIGE has certain potential issues that remain 
unexplored. As a method of protein pre-separation labeling, DIGE is theoretically 
compatible with those methods using post-separation staining of proteins, such as MP. 
One example has recently borne out the feasibility of combining DIGE with the use of 
fluorescent post-staining dyes specific to phosphorylated proteins (Stasyk et al., 2005), 
allowing a concomitant profiling of the proteome and phosphoproteome of an 
organism. The characterization of protein post-translational modifications, together 
with protein expression level, is of particular importance for proteome profiling in 
that both the protein modifications and protein expression level (enzymes in particular) 
can determine the fate of cells in bewildering milieu. There is no doubt that DIGE will 
continue to play an important role in tackling these enigmatic issues in a larger 
framework. For instance, all the intracellular substrates of a particular protease could 
be readily singled out from a proteome by canvassing the proteome profiles before 
and after protease treatment (Bredemeyer et al., 2004). The “missing” proteins after 
the protease treatment were then identified as the protease substrates. This strategy is 
potentially applicable for the characterization of other enzymes such as kinases and 
phosphatases, in that DIGE can be combined with MP platform whereby post-staining 
fluorescent dyes are able to tell the addition or removal of the phosphate from the 
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proteins. In another perspective, the entire signaling pathway could also be 
specifically profiled and subsequently interrogated using DIGE so as to determine a 
majority of components involved in this particular biochemical pathway (Sitek et al., 
2005), in contrast to the characterization of individual proteins in conventional 
methods.  
              
With respect to the metal stress, the cellular defense mechanisms are probably more 
complex than what we thought before. For instance, the toxicity of one metal ion to 
the cells could even be alleviated or deteriorated by another metal ion (Blackwell et 
al., 1998). On the other hand, the proteins with anti-stress properties are presumably 
involved in the cellular defense upon several, but not all, stress conditions, as 
illustrated in previous work and our study (Park et al., 1998). Therefore, future 
endeavor to elucidate stress response may boil down to two directions. One direction 
is to interpret the mutuality of different mechanisms for metal homeostasis inside the 
cells. Another direction is to study the unique functions of several key anti-stress 
proteins, such as SOD1 and SOD2, upon other biological perturbations. All these 
studies are believed to be further facilitating a better understanding of cellular defense 














Chapter 3 Identification of protein-protein interactions 
using 2-D DIGE 
 
3.1 Introduction 
       
Besides the quantitation of protein expression (chapter 2), a global mapping of 
protein-protein interactions on a proteome-wide scale is another fundamental task in 
proteomics. Since the importance of protein-protein interactions in regulating cellular 
processes has been stressed in chapter 1, I will herein mainly discuss the problems in 
current techniques used for the identification of protein-protein interactions, including 
Y2H and MS-based methods.  
 
3.1.1 Yeast two-hybrid (Y2H) system 
           
The Y2H system was first developed by Fields and Song (1989) in an attempt to 
detect protein-protein interactions inside yeast cells. In Y2H, a yeast transcriptional 
factor (GAL4) is split into two functional domains, i.e. DNA-binding domain and 
activation domain, which are fused to two proteins of interest (bait and prey proteins), 
respectively. Upon co-expression of bait and prey fusion proteins in yeast, the 
interaction between bait and prey proteins can bring two domains of GAL4 together, 
leading to the reconstitution of a functional GAL4 protein which can subsequently 
turn on the expression of reporter genes. Several reporter genes, such as LEU2 and 
HIS3, are usually used together with lacZ gene to monitor the protein-protein 
interactions. LEU2 and HIS3 allow the selection based on the cell growth on selective 
plates lacking leucine or histidine, respectively. Meanwhile, the expression of lacZ 
gene can be detected by colorimetric assays.     
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As an in vivo screening system, Y2H is amenable to large-scale studies of protein-
protein interactions. Several large-scale Y2H screening projects have provided a 
comprehensive analysis of protein-protein interactions in different organisms, 
including budding yeast (Uetz et al., 2000), Caenorhabditis elegans (Li et al., 2004), 
drosophila (Formstecher et al., 2005) and human (Stelzl et al., 2005; Rual et al., 
2005). Albeit fairly powerful, Y2H has its intrinsic drawbacks. Firstly, Y2H tends to 
generate a relatively large number of false-positives and false-negatives, resulting in 
little overlapping between the databases from two independent Y2H screenings of the 
yeast interactome (Uetz et al., 2000; Ito et al., 2001). Furthermore, the data sets 
obtained from Y2H screenings are also poorly overlapped with the data sets generated 
by other screening methods (Li et al., 2004). Secondly, many proteins with unique 
properties will be excluded from Y2H screening. For instance, proteins with 
hydrophobic transmembrane domains cannot be studied in Y2H system. This is 
because the detectable protein-protein interactions in Y2H have to take place in the 
nucleus, which results in its inability to analyze the proteins that cannot go into the 
nucleus. Other proteins, such as transcription factors and toxic proteins, must also be 
excluded from Y2H screening in that transcription factors may turn on the reporter 
gene expression independent of any protein-protein interactions (generating false 
positives) and on the other hand the toxic proteins may kill the host cells (generating 
false negatives). Thirdly, although Y2H is an in vivo screening system, a lack of 
physiologically relevant context will become an important issue when the proteins 
from other organisms are expressed in yeast. Since protein-protein interactions are 
highly regulated cellular processes, this lack of pertinent physiological environment 
raises a question whether these identified “positive” interactions (as well as 
“negative” interactions) by Y2H are also real in the organism which they are from.   
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To partly address above issues in Y2H, a number of other techniques resembling Y2H 
have been developed to identify protein-protein interactions by using different protein 
trap systems. Currently, split-ubiquitin system (Johnsson and Varshavsky, 1994), Ras 
recruitment system (Broder et al., 1998) and G protein-based system (Ehrhard et al., 
2000) can be harnessed to study the integral membrane protein-protein interactions. 
Eyckerman et al. (2001) and Wehrman et al. (2002) have independently developed 
two novel systems to determine the protein-protein interactions inside mammalian 
cells by making use of specific protein phosphorylation and β-lactamase 
complementation assays, respectively. More recently, the simultaneous visualization 
of protein-protein interactions in living cells has been achieved by Hu and Kerppola 
(2003) with the aid of in vivo complementation of multiple fluorescent proteins. These 
methods, together with Y2H, are very useful tools in the elucidation of protein-protein 
interaction network inside the cell. However, all these in vivo methods may not be 
ideal for high-throughput analysis of interactome due to the laborious cloning 
procedure and their inapplicability to a large number of proteins with unique 
properties.  
 
3.1.2 MS-based identification of protein-protein interactions 
 
Basically, the strategies of MS-based identification of protein-protein interactions 
combine different protein isolation methods with subsequent MS-based protein 
identification. Several MS-compatible protein isolation methods have been mentioned 
in chapter 1, such as TAP and immunoprecipitation. The inherent drawback of TAP is 
that both the DNA cloning and protein purification are very tedious, as compared with 
other methods currently used for the isolation of protein complexes. With respect to 
immunoprecipitation, it is similar to the protein purification methods using single 
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affinity tag, such as GST (Martzen et al., 1999). A common issue in TAP and 
immunoprecipitation is about the balance between the purity and integrity of isolated 
protein complex (Ashman et al., 2001). To purify the protein complex, intensive 
washing is generally required to remove nonspecifically bound proteins arising from 
adsorption to the affinity resin and tube surface. Nevertheless, this kind of stringent 
washing conditions tends to dissociate delicate protein complexes which may be more 
important for the modulation of signaling transduction inside the cells. As a 
consequence, these methods, although conceptually simple, may not be ideal for the 
study of weak protein-protein interactions since it will introduce a high proportion of 
nonspecifically bound proteins under mild purification conditions.  
 
3.2 Objectives 
          
To alleviate the problem in purification of protein complexes, Blagoev et al. (2003) 
and Ranish et al. (2003) have independently developed two similar strategies in which 
a control sample was introduced to help distinguish “real” target associated proteins 
from a large number of nonspecifically bound proteins. The control sample could be 
proteins from noninduced cells to study signaling-dependent interactions (Blagoev et 
al., 2003), or from a parallel protein purification assay where the protein complex of 
interest was not specifically enriched by the ligand (Ranish et al., 2003). In their 
studies, however, protein samples were differentially labeled with stable isotopes for 
the protein quantitation and comparison. As mentioned in chapter 1, isotope labeling 
has its intrinsic drawbacks in the proteomic applications and may not be applicable 
for the dissection of a complex human proteome.  To circumvent this problem, we 
chose DIGE as a tool for the subtraction of nonspecifically bound proteins through the 
comparison between the purified protein sample and a control sample resolved in the 
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same DIGE gel (Figure 3.1). The main advantages of this strategy lie in its advanced 
features: improved data quality (background subtraction), easy manipulation (no 
metabolic labeling required), and applicability for high-throughput identification of 
protein-protein interactions.  
 
In this study, we aimed to identify yeast enzyme-associated proteins from yeast 
proteome. The enzyme we chose is a yeast metacaspase (YCA1), which has been 
recently found to be implicated in a relatively new cellular mechanism (apoptosis) in 
yeast (Madeo et al., 2002). In their report, the caspase-like enzymatic activity of 
YCA1 has been well characterized. However, the cellular function of YCA1 in yeast 
apoptosis pathway remained elusive due to a lack of information about YCA1-
interacting proteins.  In this study, we sought to identify YCA1-binding proteins from 
yeast proteome by using the strategy mentioned above (Figure 3.1). 
 
 
                             
 





3.3.1 Purification of a yeast caspase-like protein (YCA1)  
 
To identify the YCA1-binding proteins, the GST-fused YCA1 was overexpressed and 
purified from yeast ExClonesTM using GSH sepharose. It was found that direct 
overexpression and purification of GST-fusion proteins from the commercial stock of 
yeast ExClonesTM would generate, in addition to GST-fusion protein, a very high 
portion of free GST which could not be separated from GST-fusion protein by the 
GSH sepharose. In this case, the expression of free GST may significantly overrun the 
expression of GST-fusion protein, thereby complicating the following pull-down 
experiments. To alleviate this problem, the yeast ExClonesTM which encodes YCA1 
was streaked for single colonies on the SD-Ura drop-out agar plates. Five yeast 
colonies were randomly picked from the plate and re-inoculated into SD-Ura liquid 
media. The expression levels of YCA1-GST fusion protein in these five clones were 
evaluated by western blotting with anti-GST. Results showed that the ratios of 
expressed YCA1-GST to free GST were different in these randomly picked yeast 
clones (Figure 3.2). Since clone 2 had a relatively higher expression level of YCA1-
GST, it was chosen to express the yeast metacaspase YCA1 for the subsequent pull-










                        
              
                                           
Figure 3.2 Western blots of YCA1-GST and GST using anti-GST. Lane 1-5: proteins 
purified from five yeast single clones encoding GST-YCA1 using GSH resin; Lane 6-
7: proteins purified from two GST clones using GSH resin.  
      
 
 
3.3.2 Identification of YCA1-binding proteins in yeast 
          
In this study, a yeast clone encoding only GST protein was used as a control (clone 6, 
Figure 3.2). Both the YCA1 and GST were overexpressed and purified in parallel as 
mentioned in the “Materials and methods”. The successful expression and 
purification of both YCA1 and GST proteins were re-confirmed by western blotting. 
At the same time, a wild-type yeast strain was cultured in YPD media and harvested 
when OD600 reached 2.0. The yeast cells were lysed as described in “Materials and 
methods”. Two aliquots of yeast cell extract were then incubated with the resin 
containing YCA1-GST and GST, respectively. After extensive washing, proteins 
bound on the resins were eluted in the elution buffer containing 7M urea, 2M thiourea 
and 4% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS). 
 GST 
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Subsequently, the proteins eluted from the resin containing YCA1-GST fusion protein 
were labeled with Cy5 and proteins eluted from GST control were labeled with Cy3. 
The labeled proteins were then mixed and subject to protein separation by 2-D DIGE.  
          
In 2-D DIGE gels, results showed that while most of proteins could be found in both 
Cy3 and Cy5 images, several proteins found in Cy5 channel (red) were absent in Cy3 
channel (green) (Figure 3.3). According to the experimental design, the only 
difference between two protein samples in the same 2-D gel was the presence or 
absence of the bait protein (YCA1) in the pull-down assays. Without the bait protein, 
the proteins isolated from the control assay include those proteins bound 
nonspecifically to GST, GSH resin and the tube surface. On the other hand, since the 
bait protein can capture its prey proteins, the isolated proteins from this pull-down 
assay will include the prey proteins in addition to those nonspecifically bound 
proteins. Therefore, the red spots in 2-D gel which were only present in Cy5 channel 
should represent the real prey proteins interacting with YCA1.  
 
Following protein separation by 2-D DIGE, seven red spots were excised from the 2-
D gel, trypsin digested and subject to MS analysis (Appendix 2). Three proteins were 
identified, i.e. spot 3 (YNR064Cp), spot 4 (YLR194Cp) and spot 5 (CAA49192, an 
unnamed protein) which has the molecular weight and pI well matched to the spot 
location in the 2-D gel (Figure 3.3). The rest of protein spots were not identified due 
to an insufficient amount of proteins sent for MS analysis and the keratin 
contamination during sample processing. More protein samples need to be collected 
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Figure 3.3 2-D images of the proteins from pull-down assays. Left panel, overlaid 
images of Cy3 and Cy5-labeled protein samples in the same gel; right panel, image of 




3.3.3 Verification of identified protein-protein interactions 
          
To further verify the YCA1-binding proteins identified by MS, we sought to examine 
whether the identified protein-protein interactions could be reproduced using purified 
bait and prey proteins in an in vitro binding assay. Since spot 5 represents an 
unknown protein and we did not have a yeast clone encoding this protein, we chose to 
verify the other two proteins (YNR064Cp and YLR194Cp). Both proteins were 
overexpressed from single yeast ExClonesTM and purified by GSH resin. At the same 
time, the bait protein YCA1 was also expressed from yeast ExClonesTM and purified 
by the GSH resin. Since all the proteins were fused with the GST tag and purified by 
the GSH resin, these fusion proteins cannot be directly used for in vitro protein 


















































from two prey proteins (YNR064Cp and YLR194Cp) using thrombin. Thrombin is a 
site-specific protease which can be used for the cleavage of GST tag from a fusion 
protein containing a thrombin cleavage site between the GST tag and the target 
protein (Chang, 1985). After thrombin cleavage and protein elution, the purified 
proteins were used for subsequent in vitro protein binding assays.  
 
To ensure equal amount of prey proteins were applied to two protein binding assays, 
two aliquots of prey protein without the GST tag were incubated with purified YCA1-
GST fusion protein and GST on the GSH resin, respectively. The amount of YCA1-
GST fusion protein and GST protein was roughly the same according to the Bradford 
protein quantitation assay (Bio-Rad). After incubation with similar conditions adopted 
from previous pull-down experiments, the resins were washed five times with the 
buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 10 mM MgSO4, 1 mM EDTA and 
0.5% Triton), followed by protein elution in 1× SDS-PAGE loading buffer. All the 
solutions from resin washing and protein elution were collected and resolved in SDS-






Figure 3.4 Verification of identified protein-protein interactions by the in vitro 
protein binding assays. Two aliquots of the prey protein (YNR064Cp or YLR194Cp) 
were incubated with the bait proteins YCA1-GST and GST, respectively. W1-5: five 
times washing of resin after incubation; Elution: proteins eluted from the GSH resin 




Results showed that while litter prey proteins could be washed out from the resin at 
the fifth step of washing, significant amount of prey proteins (both YNR064Cp and 
YLR194Cp) could be eluted after washing from the resin containing bait protein 
(YCA1) (Figure 3.4). Virtually no protein could be detected in the elution buffer 
from the control assays containing only GST on the resin. These results suggest that 
the YCA1-interacing proteins identified from pull-down assays can bind to YCA1 in 
vitro in a bona fide manner. 
 
In the following experiments, however, we could not verify these identified protein-
protein interactions by using BIACORE® sensor chip CM5 (GE Amersham 
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Biosciences) (Huang et al., 2001; Uttamchandani et al., 2004). Based on the 
sensorgrams, results showed that there was no significant difference (<20 response 
units (RU)) between the binding affinity of prey proteins (both YNR064Cp and 
YLR194Cp) for YCA1 and that for GST (Figure 3.5). This is presumably because 
these interactions are very weak with relatively high off-rate. Other interaction 
analysis systems with more sensitive and robust detection methods are thus needed to 
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Figure 3.5 Sensorgrams of identified protein-protein interactions on BIACORE®. (a) 
The prey protein YNR064Cp was injected over the surfaces of two chip channels 
containing bait proteins, GST (as a control) and GST-YCA1, respectively. The 
difference in binding response was showed by the red curve. (b) The prey protein 





3.4 Discussion  
3.4.1 Apoptosis in yeast  
          
In multicellular organisms, apoptosis (known as programmed cell death) plays crucial 
roles in development, reproduction and defense mechanism by removing damaged or 
simply dispensable cells (Jin and Reed, 2002). As a suicide program, apoptosis does 
not seem to be beneficial for an organism consisting of only one cell. Nevertheless, 
recent reports have showed that cell death with apoptosis-like features can also take 
place in prokaryotic and unicellular eukaryotic cells, including yeast (Yarmolinsky, 
1995; Uren et al., 2000). To account for this discrepancy, it was suggested that the 
suicide of individual cells would be important for the survival of other cells within a 
population of unicellular organisms upon severe oxidative damage (Frohlich and 
Madeo, 2000). Therefore, this altruistic behavior could be beneficial to the 
preservation of cell population under harsh conditions. In yeast, apoptosis can be 
induced by hydrogen peroxide, acetic acid, ageing and other reagents (Ludovico et al., 
2001; Madeo et al., 2004).  
        
From two large-scale Y2H screening projects, there are all together seven yeast 
proteins identified as YCA1-interacting proteins, including PET111p, SRO77p (Uetz 
et al., 2000) and JSN1p, YAK1p, KRE11p, SRB4p and TFB1p (Ito et al., 2001). 
Nevertheless, none of these proteins were found in both data sets. Except for YAK1p 
and SRO77p, most proteins identified from Y2H are known to be involved in 
transcription/translation machinery and therefore they are more likely to be false 
positives from Y2H screening, rather than real metacaspase-interacting proteins, 
according to the caveats in Y2H as discussed above. Regarding another two proteins 
(YAK1p and SRO77p), YAK1p is a protein kinase which controls cell growth in 
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response to glucose availability (Moriya et al., 2001). However, no evidence so far 
shows that YAK1p is directly involved in yeast apoptosis. As for SRO77p, although 
one of its homolog (SRO7p) was found to be implicated in apoptosis-like cell death 
under NaCl stress (Wadskog et al., 2004), the physiological role of SRO77p in yeast 
apoptosis remains unknown. 
           
Besides SRO7p, a yeast proteasomal substrate (Stm1p) and a serine protease 
(Nma111p) may also be implicated in yeast apoptosis. It has been reported that the 
overexpression of Stm1p or Nma111p could enhance apoptosis-like cell death and on 
the other hand, the yeast cells which lack either Stm1p or Nma111p do not show 
apoptotic hallmarks after the induction of yeast apoptosis by hydrogen peroxide (Ligr 
et al., 2001; Fahrenkrog et al., 2004). In this study, we have identified a yeast protein 
(YNR064Cp) which can bind to yeast metacaspase YCA1 in vitro. YNR064Cp is a 
yeast epoxide hydrolase and may have an important role in detoxification of epoxides 
(Elfstrom and Widersten, 2005). According to a yeast genome/proteome database 
(http://www.yeastgenome.org), YNR064Cp has a structural homolog (BAC56745p) 
which is a serine hydrolase in janthinobacterium. Since another yeast protease 
(Nma111p) has also been found to be implicated in apoptosis, we further examined 
the sequence similarity between YNR064Cp, BAC56745p and Nma111p using the 
software T-COFFEE. Result showed that YNR064Cp and BAC56745p do not have 
significant sequence similarity to Nma111p (Figure 3.6). The relationship between 
YNR064Cp, Nma111p and YCA1 and their regulatory roles in yeast apoptosis thus 
























3.4.2 In silico validation of protein-protein interactions 
         
High-throughput screening projects in interactomics have provided copious 
information about protein-protein interactions in several organisms. However, the 
accuracy of these protein-protein interactions data needs further evaluation. While we 
have demonstrated here an experimental method which can be potentially used to 
verify these data, other researchers have developed several computational algorithms 
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to predict and assess the biological relevance of protein-protein interactions generated 
from high-throughput screenings.  
             
A common strategy to assess the data from high-throughput screenings is to compare 
them with other available data sets. Deane et al. (2002) reported two methods for the 
computational data assessment, including expression profile reliability (EPR) index 
and paralogous verification method (PVM). EPR index examines the biologically 
relevant fraction of protein-protein interaction by comparing the expression levels of 
proteins, whose interactions were found in high-throughput screenings, with the 
expression levels of proteins whose interactions were identified by other methods. 
The principal assumption underlying PVM is that the interactions are likely to be real 
if both interaction partners have their paralogs that also interact. By using these two 
methods, the authors estimated that approximately half of the interactions are reliable 
in their test set containing over 8000 yeast protein interactions (Deane et al., 2002). In 
a recent endeavor, Bader et al. (2004) developed a statistic model for the validation of 
protein-protein interactions identified from high-throughput screenings based on 
screening statistics and network topology. The basic assumption in this confidence 
measurement is that nonspecific interactions are typically technique-dependent or 
database-specific, leading to a lower overlapping between proteomic databases. By 
integrating genetic and proteomic data sets, the researchers have determined a 
confidence score to every protein-protein interaction (Bader et al., 2004). Overall, 
these in silico validation of protein-protein interactions are greatly facilitating a 
system-level understanding of protein complexes in the relevant biological network. 
However, real protein-protein interactions still need to be experimentally verified by 
the methods like what we have demonstrated above.  
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3.5 Future directions 
       
In this study, a general strategy has been introduced to pull down yeast metacaspase-
binding proteins. Since this metacaspase is a crucial executor in yeast apoptosis, the 
study of apoptosis-dependent interactions between metacaspase and other proteins 
will be an important following step towards a comprehensive understanding of yeast 
apoptosis pathway. We have tried to fish out the metacaspase-interacting proteins 
from H2O2-treated yeast cells cultured in minimal media (since the overexpression of 
metacaspase from yeast ExClonesTM must be carried out in minimal media). However, 
we could not see a significant difference between the proteins isolated from H2O2-
treated cells and those from untreated cells. This might be because the expression 
level of most proteins in minimal media is low and therefore the difference in protein 
expression upon exposure to H2O2 is not detectable under our experimental conditions. 
Moreover, the signal-dependent protein-protein interactions are typically transient and 
very weak. Therefore, the experiment conditions must be further refined to pull down 
such unstable protein complexes.   
 
Potentially, our strategy will be applicable for large-scale identification of enzyme-
associated proteins, including not only enzyme substrates but also enzyme regulatory 
proteins (Tan et al., 2005). This will complement future studies mentioned in chapter 
2, where enzyme substrates can be identified on a proteome-wide scale. We thus 
envisage that our studies will potentially accelerate the data mining in catalomics, 
where high-throughput characterization of enzymes is required.   
 
A third direction of the study of protein-protein interaction is to identify small-
molecule modulator of protein complexes. As we know, protein-protein interactions 
are dynamic and highly regulated processes inside the cells. The modulation of 
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protein-protein interactions will be an important means of turning on/off particular 
signal transduction pathways. In this regard, the identification of small-molecule 
modulators of protein complexes could help to unveil various cellular processes and 
eventually lead to therapeutics for human diseases (Gestwicki et al., 2004). Early 
report suggested that protein pull-down assays could also be applied for the study of 
proteins undergoing ligand-dependent protein-protein interactions, where a 
subpopulation of calcium-dependent protein complexes from rat brain extract had 
been characterized in a high-throughput manner (Nelson et al., 2002). Based on their 
work, our strategy (with the introduction of a control sample) demonstrated in this 
study can also be potentially applied for a rigorous identification of small-molecule 
















Chapter 4 Activity-based high-throughput screening of 
enzymes by using a DNA microarray 
 
4.1 Introduction and objectives 
 
With a number of model organisms sequenced, the enormous amount of genetic 
information at the transcriptional level is now available. In the next step, large-scale 
protein profiling entails the techniques capable of simultaneously characterizing a few 
thousand to a million functionally expressed proteins in a proteome. In the past 
decade, a rapid development of proteomic techniques has been chalked up for high-
throughput protein profiling. However, to date, few proteomic technique can elucidate 
the diverse functionalities of all the proteins en masse in a proteome.  As mentioned in 
chapter 1, although 2-DE and MS have been widely exploited for large-scale isolation 
and identification of proteins, they primarily focus on the identity and abundance, but 
not activity, of the proteins in a proteome. To address this problem, a number of 
techniques have been developed for a proteome-scale analysis of protein activities 
(Saghatelian and Cravatt, 2005; Hu et al., 2006). One of the promising techniques is 
the protein microarray (Chen et al., 2003), which offers the chance to study a variety 
of protein activities in a high-throughput manner. Nevertheless, the fabrication of 
protein microarray is hampered by the cost and efforts required to purify and 
immobilize the proteins onto the microarray slides without significant loss of protein 
activity. A lack of downstream microarray-compatible assays also constrains a routine 
application of protein array to globally profile the protein activity (Chen et al., 2003).  
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Figure 4.1 Schematic illustration of Expression Display. (a) Schematic representation 




To address these issues, our strategy, coined “Expression Display”, resorts to 
expressing proteins with physical linkage to their cognate mRNA in a single mixture 
from a DNA pool (Figure 4.1). Upon activity-based protein selection by a small-
molecule probe, the selected mRNAs were subsequently decoded by a spatially 
addressable DNA microarray. In this study, we were mainly interested in high-
throughput identification of yeast enzymes using Expression Display. To our 
knowledge, our work presented the first example where high-throughput identification 
of proteins with a particular enzymatic activity has been achieved through DNA 
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microarray decoding. Herein, the techniques employed in Expression Display will be 
briefly reviewed.  
 
4.1.1 Protein display technologies 
          
Since the invention of phage display in 1985 (Smith, 1985), a number of novel protein 
display technologies have been developed in the last decade. For instance, ribosome 
display (Mattheakis et al., 1994; Hanes and Pluckthun, 1997), mRNA display 
(Roberts and Szostak, 1997) and tRNA display (Merryman et al., 2002) can 
noncovalently or covalently link the protein to its encoding mRNA in vitro with the 
aid of ribosome, puromycin and a modified tRNA, respectively. By taking advantages 
of two kinds of DNA binding proteins, both plasmid display (Speight et al., 2001) and 
CIS display (Odegrip et al., 2004) can also specifically tether the nascent peptide to 
its encoding DNA template. Additionally, yeast surface display and virus display, 
which resemble phage display, can present the peptides or proteins on the surface of 
yeast and virus capsid, respectively (Boder and Wittrup, 1997; Muller et al., 2003). A 
salient feature of these technologies is that genetic code of each protein, i.e. genotype, 
is physically linked to its phenotype and the selected genotype-phenotype complexes 
can be re-generated for further rounds of selection. As such, protein display 
technologies have been widely used in the last few years for in vitro selection of 
peptides or proteins from diverse combinatorial libraries, as well as in vitro protein 
evolution to generate proteins with desired properties.  
            
Although protein display technologies are primarily used to the evolution of proteins 
with novel functions, they have also been successfully modified in recent years to 
express the entire constellation of proteins encoded by the cDNAs of an organism (Li, 
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2000; Leemhuis et al., 2005). These display technologies, which allow a facile 
generation of a large pool of functional proteins and rapid genetic decoding, are 
particularly useful for large-scale analysis of protein functions. Ribosome display, for 
instance, allows the in vitro protein expression in a cell-free translation system and at 
the same time the proteins are tethered to their own encoding mRNAs (Hanes and 
Pluckthun, 1997). In ribosome display, the ribosome stalls at the end of the mRNA 
without a stop codon and the nascent peptide still dangles from the ribosome after in 
vitro translation. The resulting ternary complex, i.e. mRNA-ribosome-protein, is 
stable at low temperature and high concentration of magnesium ions to undergo in 
vitro protein selection. After selection, the mRNA can be released from the ternary 
complex by increasing the temperature and removing the magnesium ions, followed 
by reverse transcription of the purified mRNA. The recovered cDNA can be directly 
decoded or further used for iterative protein selection. To date, ribosome display has 
been widely used for affinity selection of proteins, such as antibody and hydrophobic 
proteins (Hanes et al., 1998; Matsuura and Pluckthun, 2003). However, functional 
study of proteins using ribosome display remained less explored. Herein, we showed 
that proteins, when properly expressed from a pool of DNA samples as mRNA-
protein conjugates, could be used for the activity-based screening of enzymes in a 
high-throughput manner.  
 
4.1.2 Activity-based protein profiling 
             
To circumvent tedious protein identification by MS, we sought to develop a novel 
strategy for activity-based protein profiling. Of most of ABPs developed so far, a sine 
qua non is their capabilities to covalently tether the enzymes such that the resulting 
adducts can sustain denaturing conditions in subsequent 1-D or 2-D gel separation. 
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This property of ABPs, on the other hand, can indeed be useful to specifically enrich 
the proteins of interest when biotin, instead of the fluorescent tag, is conjugated with 
the reactive warhead to generate a biotinylated small-molecule probe (Huang et al., 
2003). In our group, a fluorescent ABP specific to protein tyrosine phosphatases (PTP) 
had been previously synthesized and well characterized as a PTP probe (Zhu et al., 
2003). Herein, we sought to use a modified PTP probe, in which the fluorescent tag 




4.2.1 In vitro selection of functional protein by ribosome display 
          
To date, ribosome display has shown to be a powerful tool for in vitro selection of 
antibodies (He and Khan, 2005). However, activity-based selection of other functional 
proteins using ribosome display remained less explored. In this study, we first sought 
to examine the feasibility of applying ribosome display for the in vitro selection 
independent of antigen-antibody interaction by using streptavidin. Streptavidin is a 
protein produced by Streptomyces avidinii with a strong affinity for biotin (Kd ≈10-15 
M) (Sano and Cantor, 1990). This high binding affinity for biotin and biotinylated 
molecules has made streptavidin an important player in protein purification and 
immobilization (Chames et al., 2002). In this study, we used streptavidin as a model 




                               
 
Figure 4.2 Schematic illustration of DNA constructs for Expression Display. The 
genes (cerulean) were tethered by a spacer fragment (grey) via restriction enzyme 
(EcoR I or Sap I) digestion/ligation. Elements for in vitro expression include T7 
promoter (in red) and ribosome binding site (in yellow) upstream the genes. Two 
stem-loops (in green) were introduced at 5’ and 3’ end, respectively. DNA constructs 
could be amplified with primers Y-T7B and Spacer-R. 
         
 
 
Before the in vitro expression and selection, DNA fragment encoding streptavidin 
protein was constructed in a ribosome display cassette (Figure 4.2). The stop codon 
in the streptavidin gene was first removed by sequence-specific polymerase chain 
reaction (PCR) with a reverse primer annealing to the sequence upstream of the stop 
codon. The removal of stop codon is necessary for ribosome display since the 
presence of stop codon can elicit the dissociation of mRNA and nascent polypeptide 
from the ribosome and consequently bypass the formation of mRNA-ribosome-
protein complex during in vitro protein synthesis. Besides gene sequence, there are 
five accessorial sequences, including a T7 promoter, 5’-stem-loop, a ribosome 
binding site, a spacer and 3’-stem-loop from 5’ end to 3’ end of the ribosome display 
cassette (Figure 4.2). The T7 promoter can be specifically recognized by T7 RNA 
polymerase so as to initiate the transcription of DNA to mRNA. At mRNA level, the 
stem-loops at both 5’ and 3’ ends of DNA cassette help to stabilize the mRNA against 
RNase and thus extend its half-life during in vitro selection. As for protein translation, 
a prokaryotic ribosome binding sequence (Shine-Dalgarno sequence) is the 
recognition site for the initiation of protein biosynthesis in bacterial cell extract. Upon 
protein translation, an unstructured C-terminal spacer fragment was synthesized 
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together with nascent protein of interest to ensure efficient display of the protein on 
the ribosome. This spacer fragment provides a spatial portion between the synthesized 
protein and ribosome, which is believed to facilitate a proper protein folding on 
ribosome (Hanes and Pluckthun, 1997). The ribosome display cassette for streptavidin 
gene was constructed completely in vitro without any DNA cloning and 
transformation. In the same manner, we constructed another gene, EGFP, as a 
negative control for in vitro selection.  
          
We first expressed streptavidin construct as ribosome-displayed streptavidin ternary 
complex, followed by incubation with iminobiotin and amylose resin, respectively. 
Results showed that only the streptavidin gene selected by iminobiotin could be 
recovered by reverse transcription- polymerase chain reaction (RT-PCR) (Figure 
4.3a). Since streptavidin protein can only be captured by iminobiotin, but not amylose 
resin, results validated that the recovery of streptavidin gene was ascribed to the 
interaction between a functional streptavidin and biotin, rather than nonspecific 
binding of streptavidin protein to the surface of resin or solid support. Subsequently, 
we combined equal amount of streptavidin and EGFP DNA constructs, followed by in 
vitro expression and incubation with iminobiotin. Results showed that streptavidin 
gene could be successfully selected via biotin-streptavidin interaction in the presence 
of EGFP (Figure 4.3 b), whereas the EGFP gene could not be recovered through the 
selection with iminobiotin. The identity of reverse transcript from in vitro selection 
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Figure 4.3 In vitro selection of ribosome-displayed streptavidin. (a) Streptavidin gene 
was constructed and subject to the selection. Lane 1: reverse transcript after in vitro 
selection with iminobiotin; Lane 2: negative control, selection with amylose resin. (b) 
Equal amount of streptavidin and EGFP constructs were combined and then subject to 
the selection with iminobiotin. Lane 1: gene recovered from in vitro selection; Lane 2: 
spacer sequence after the selection; Lane3: positive control, only streptavidin gene 
was subject to the selection; Lane 4: PCR amplification of reverse transcript from in 
vitro selection using EGFP sequence-specific primers. (c) Streptavidin construct was 
combined with 100-fold EGFP construct and then subject to in vitro selection. Lane 1: 
reverse transcript after in vitro selection with iminobiotin; Lane 2: negative control, 




When we increased the selection pressure by mixing streptavidin and EGFP 
constructs with a ratio of 1:100, the mRNA corresponding to streptavidin could be 
still exclusively recovered upon the selection with iminobiotin, thereby further 
corroborating the successful application of ribosome display for the in vitro selection 
of functional protein (Figure 4.3 c). 
 
4.2.2 In vitro selection of enzyme based on the catalytic activity 
          
We next tested whether ribosome-displayed yeast PTPs could be selected in the 
presence of other proteins by using the activity-based small-molecule probe. PTPs are 
a class of enzymes which can hydrolyze phosphoester bonds at tyrosine residues of 
their substrates. While working antagonistically with protein tyrosine kinases, PTPs 
modulate the phosphorylation status of proteins and their functions thereof in 
response to various cellular signals (Tonks and Neel, 2001; Wang et al., 2003). For a 





plasmids containing 96 different yeast ORFs, one of which is YBR267W encoding a 
known PTP. To ensure that all the yeast genes were unbiasedly present in the DNA 
library, all yeast ORFs were individually amplified with the same pair of primers from 
the yeast ExClonesTM in a 96-well format. Subsequently, multistep reassembly PCR 




    
 
Figure 4.4 Parallel assemblies of DNA constructs suitable for Expression Display. 
Each lane represents one constructed gene.  
 
 
Upon pooling all the DNA constructs into a single mixture, the resulting DNA library 
was transcribed and then translated to generate a mixture of ribosome-displayed 
proteins from 96 yeast genes. A biotinylated activity-based probe immobilized on 
streptavidin magnetic beads was used to isolate the PTP present in the mixture. This 
probe can react irreversibly with PTPs in a highly specific and activity-dependent 
manner. The washing conditions were optimized so as to remove any nonspecifically 
bound ternary complexes from the streptavidin beads without causing dissociation of 
the ternary adducts. After washing, mRNA from the probe-tethered ternary complex 




reverse transcript was PCR amplified with the incorporation of Cy3-dCTP into the 
amplicons. Upon the hybridization of fluorescently labeled amplicons onto a 
“decoding” DNA microarray containing all the DNA fragments of 96 yeast genes, the 
identification of recovered gene from in vitro selection was achieved by virtue of the 
location of fluorescent spot on the microarray. Results showed that the only 
fluorescent spot on the microarray was that of YBR267W, the only PTP in 96-ORFs 




Figure 4.5 Results of DNA decoding by the DNA microarray containing 96 yeast 
ORFs. (a) The hybridization of Cy3-labeled reverse transcripts from in vitro selection 
onto a decoding DNA microarray containing 96 yeast ORFs (in duplicate). The 
spotting pattern is highlighted by white circles. The positive spot is highlighted in the 
enlargement. (b) Relative fluorescence intensities (I) of spots from the DNA 





To verify the results obtained from microarray decoding, we reversely transcribed and 
amplified the isolated mRNA from in vitro activity-based selection via normal RT-
PCR. The amplicons were analyzed by agarose gel electrophoresis. Results showed 
that only one kind of reverse transcript was present after the in vitro selection, 
whereas no DNA could be recovered from the selection without the small-molecule 
probe in the control experiment (Figure 4.6a). The amplified cDNA was then cloned 
into pCR2.1-TOPO vector, followed by DNA sequencing and analysis. Results 
confirmed that the gene isolated from in vitro selection is YBR267W, which is 
consistent with the results from microarray decoding analysis (Appendix 3). In a 
parallel experiment, we noticed that when sodium orthovanadate, a potent PTP 
inhibitor (Gordon, 1991), was introduced in the incubation mixture for the activity-
based selection, the recovery of PTP gene was abolished after intensively washing 
(Figure 4.6a). This observation proclaimed that the selection of PTP from the DNA 
library is dependent on the protein activity rather than the affinity of the protein to the 
small-molecule probe.  
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Figure 4.6 Reverse transcripts from activity-based in vitro selection. (a) The 
screening of 96 yeast genes with the PTP probe: Lane 1: reverse transcript after in 
vitro selection; Lane 2: negative control, selection without probe; Lane 3: negative 
control, selection was abrogated by sodium orthovanadate. (b) Validation of the 
screening. The hit, YBR267W, was subject to the selection with the same conditions. 
Lane 1: reverse transcript after in vitro selection; Lane 2: negative control, selection 
without the probe. (c) Competitive screening. A yeast acid phosphatase from 96-
ORFs library was combined with equal amount of the hit construct and then subject to 
activity-based selection. Lane 1: reverse transcript from in vitro selection; Lane 2: 
negative control, selection without the probe; Lane 3: negative control, selection was 




To confirm that YBR267W could be de facto selected via Expression Display, we used 
this identified “positive” hit alone for the activity-based selection with the same PTP 
probe. As mentioned above, the selection by the streptavidin magnetic beads without 
the biotinylated probe was used as a negative control. Results corroborated that 
YBR267W could be recovered only in positive trial (Figure 4.6b).  
           
As other types of phosphatases may compete with the PTPs in Expression Display, we 
evaluated the specificity of the selection when an acid phosphatase (YAR071W) was 
combined with the identified hit with equal DNA input. After in vitro expression, the 
ternary complexes of were incubated with PTP probe as described above. Results 
showed that YBR267W could be fished out in the presence of competitive phosphatase. 
Additionally, no DNA was recovered in the negative control and inhibition trial 
(Figure 4.6c), thereby verifying the specificity of the probe to PTP in Expression 
Display.  Taken together, all these lines of evidence validated our strategy whereby 
enzymes expressed from a DNA library using ribosome display could be 
preferentially selected on the basis of their enzymatic activity with the aid of a 
suitable small-molecule probe. The recovered DNA can be either identified by DNA 
cloning and sequencing or DNA decoding with a self-addressable DNA microarray.   
 
4.2.3 Identification of a subclass of enzymes from a DNA library via Expression 
Display 
          
To assess whether Expression Display could be used for a facile identification of 
enzymes in a class-specific fashion, we applied our strategy to the screening of a 
DNA library containing 384 yeast ORFs. As usual, all the ORFs were individually 
PCR-amplified and assembled before pooling to ensure equal representation of each 
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gene in the library. Upon in vitro transcription and translation, the mixture containing 
the ribosome-displayed proteins was subject to activity-based selection, in a single 
reaction, using the same small-molecule probe. Selection conditions were optimized 
so as to rule out the nonspecific selection. Reverse transcripts would be identified as 
“positives” only when no reverse transcripts could be fished out in the control trial, 
where sodium orthovanadate was introduced to abolish the selection by the PTP probe.  
 
From our results, we noticed that both the incubation time and the presence of bovine 
serum albumin (BSA) are important for an enzyme-specific in vitro selection (Figure 
4.7). When the incubation time was as short as 30 minutes, no genes could be 
recovered under the selection conditions applied in this study. This is presumably 
because the incubation time may not be long enough for the protein maturation. In 
this study, all the proteins were expressed in vitro and immediately proceeded to the 
incubation with the probe. As we know, in vitro expressed proteins typically take up 
to a couple of hours to completely mature as functional proteins.  When the 
incubation time is too short, the proteins are not functional to be captured by the 
activity-based probe. On the other hand, the ribosome-displayed complex tends to fall 
apart and mRNA is prone to RNA degradation when the incubation is too long (4 
hours), resulting in a significant portion of contaminant RNA which may mask the 
specificity of the selection.  With respect to BSA, it can not only block the 
nonspecific binding of the ternary complexes to streptavidin and the tube surface, but 
also quench the highly reactive probe intermediate upon phosphate hydrolysis and 








Figure 4.7 Reverse transcripts selected by Expression Display from the DNA library 
containing 384 yeast ORFs. After in vitro transcription and translation, the product 
was incubated with or without BSA, activity-based probe and sodium orthovanadate 
for different time as indicated in the upper panel.    
 
          
To identify the genes selected from Expression Display, we spotted all 384 yeast 
ORFs in duplicate onto the polylysine glass slides as a decoding DNA microarray. 
The eluted mRNAs from activity-based selection were reversely transcribed and 
amplified with the incorporation of Cy3-dCTP into the amplicons. The resulting 
fluorescently labeled cDNAs were then hybridized onto the decoding microarray. 
Following DNA hybridization and extensive washing, the slides were scanned by the 
fluorescent scanner. Upon fluorescence normalization, the spots with significant 
fluorescent intensities over the background were identified (Figure 4.8). Results 
showed that these “positive” spots correspond to the genes encoding four PTPs in the 
library. The identities of these genes were further confirmed by DNA sequencing, as 
mentioned above (Appendix 4).   
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Figure 4.8 A facile identification of multiple yeast PTPs using Expression Display. (a) 
The hybridization of Cy3-labeled reverse transcripts from in vitro selection onto a 
decoding DNA microarray containing 384 yeast ORFs (in duplicate). The spotting 
pattern is highlighted by white circles. The positive spots are highlighted in the 
enlargements. Four positives were identified as A: YFR028C, B: YDL230W, C: 
YPR073C, and D: YBR267W, corresponding to four PTPs in the cDNA library. (b) 
Relative fluorescence intensities (I) of spots from the DNA microarray after 
hybridization. The intensity values of replicate spots were averaged. Four PTPs are 
labeled (A–D). (c) Comparison of relative fluorescence intensities of the four PTPs 
(red) to those of other phosphatases in the cDNA library, including eight Ser/Thr 
phosphatases (cyan), two dl-glycerol phosphatases (green), one exopolyphosphatase 
(yellow), one inorganic pyrophosphatase (pink), three acid phosphatases (dark blue), 






By western blotting, we sought to further validate the enzymatic activities of the 
corresponding “positive” proteins identified from Expression Display. These four 
yeast PTPs, i.e. YBR267W, YDL230W, YFR028C, and YPR073C, were expressed as 
GST fusion proteins from yeast ExClonesTM and purified by GSH resin. The labeling 
reaction between the small-molecule probe and the PTPs was described in the section 
“Materials and methods”. The anti-biotin antibody was used to detect the formation 
of probe-protein adducts resolved in SDS-PAGE gels. Results corroborated the 
successful labeling of the individually purified proteins with the probe in gel-based 
experiments (Figure 4.9). In parallel control experiments, the inhibition effects of 
sodium orthovanadate on the protein labeling reactions were consistent with what we 









Figure 4.9 Detection of the labeling of four PTPs with the small-molecule probe by 
western blotting. The proteins were expressed and purified as GST fusion proteins, 
and then incubated with the probe (with or without the PTP inhibitor, sodium 
orthovanadate), followed by detection with anti-biotin antibody. 200 µM of sodium 





          YBR267W       YDL230W       YFR028C        YPR073C 
(45 kilodalton (kD))     (38 kD)             (61 kD)           (18 kD) 
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4.3 Discussion  
4.3.1 Comparison of ribosome display with other protein display technologies 
          
As mentioned above, there are several protein display technologies which have been 
developed and widely used in protein selection and in vitro evolution. Compared to 
other display technologies which require DNA cloning, transformation and in vivo 
protein expression, completely in vitro-based methods, including ribosome display, 
mRNA display, tRNA display and CIS display, have an intrinsic advantage in that the 
complexity of the library generated in vitro will not be fettered by transformation 
efficiency (yeast, 107 – 108 cells/µg DNA; bacteria, 109 – 1010 cells/µg DNA) 
(Amstutz et al., 2001).  
            
In this study, we chose ribosome display rather than other in vitro protein display 
technologies (like tRNA display and mRNA display) for protein expression and 
encoding, as it is relatively simpler to generate a large number of mRNA-ribosome-
protein complexes for the library screening. In tRNA display, a bifunctional tRNA 
bridges the protein and its encoding mRNA (Merryman et al., 2002). As reported, the 
wybutine base in yeast tRNAphe could be crosslinked to the mRNA containing a Phe 
codon and a stable amide bond between tRNA and synthetic protein was achieved 
through the substitution of 3’-terminal adenosine of tRNAphe with 3’-amino-3’-
deoxyadenosine. Albeit successful in short peptide enrichment, tRNA display may not 
be currently suitable for the screening of a library of proteins, considering that 
tRNAphe might be preferentially crosslinked to the mRNA with a high content of Phe 
codons and therefore cause aberrant conjugation of proteins to other encoding 
mRNAs. This miscoding renders the decoding of isolated proteins difficult. As for 
mRNA display, it distinguishes itself from ribosome display by the covalent linkage 
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between the mRNA and encoded protein via puromycin, whereas the linkages in the 
ternary complex from ribosome display are non-covalent. This feature of mRNA 
display makes it feasible to immobilize the mRNA-displayed proteins in a 
corresponding DNA microarray to generate a functional protein array (Weng et al., 
2002; Jung and Stephanopoulos, 2004).   Both mRNA display and ribosome display 
could be applied to in vitro selection and evolution of proteins with similar successes 
(Lipovsek and Pluckthun, 2004). Nevertheless, mRNA display requires a few more 
steps to generate mRNA-protein conjugates when compared with ribosome display. 
Moreover, the low efficiency of ligating puromycin-attached oligonucleotides to 
mRNA and subsequent purification of ligation products will significantly reduce the 
yield of mRNA-protein conjugates in mRNA display. Therefore, ribosome display 
would be preferred when a covalent linkage between mRNA and its encoded protein 
is not essential for the in vitro selection.  
        
Among current in vitro display methods, both ribosome display, mRNA display and 
tRNA display face a common problem that RNA is unstable and prone to nuclease 
degradation. To address this issue, Odegrip et al. (2004) recently developed the CIS 
display whereby a library of the proteins of interest are fused to a DNA replication 
initiator protein (RepA) and then in vitro expressed. The RepA protein has a high-
fidelity cis-activity to bind exclusively to the template DNA from which it has been 
expressed, resulting in the conjugation of protein with its encoding DNA. With 
increased robustness, CIS display has the potential to find a wide application in 
protein selection, evolution and microarray fabrication. However, an issue of concern 
is about the size of the fusion protein (RepA is 33 kDa, another cis-acting protein P2A 
is 86 kDa) employed in CIS display. These relatively large protein tags may make it 
difficult to in vitro express the proteins with proper protein folding.  
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4.3.2 In vitro selection of functional proteins 
          
Conventionally, a majority of studies on the in vitro characterization of protein 
functions and enzymatic activity has been achieved by in vitro compartmentalization 
whereby the protein and its encoding DNA, together with the protein substrate, were 
encapsulated in the same compartment (Griffiths and Tawfik, 2000). However, in 
vitro compartmentalization has its intrinsic drawback. Since the expressed protein is 
not physically linked to its encoding DNA, the presence of other proteins from in 
vitro transcription and translation mixture may interfere with the protein assays taking 
place in each compartment and in turn complicate the results obtained from in vitro 
selection.  
          
Protein display technologies circumvent this problem by allowing flexible 
manipulations of the in vitro assays (Amstutz et al., 2002; Cesaro-Tadic et al., 2003). 
In our study, the endogenous phosphatases and other proteins in the in vitro 
transcription and translation mixture would not affect the outcome of in vitro selection. 
This is because only mRNA, rather than protein, will be decoded upon the selection. 
The binding of other non-ribosome-displayed proteins to the probe will not be 
reflected by the decoding of reverse transcripts. This also explains why we could use 
high concentration of BSA to block nonspecific binding and quench the reactive 
probe intermediate during the in vitro selection. Alternatively, it would be also 
feasible to purify the ternary complexes from the in vitro expression mixture before 
conducting particular protein assays when an affinity tag is introduced in each 




With more chemical tools being developed in catalomics, in vitro protein selection, 
when coupled with protein display technologies, will find wider applications in 
activity-based protein classification and functional annotation of proteins. 
 
4.3.3 Application of DNA microarrays as decoding tools in functional proteomics  
          
In additional to global profiling of gene expression, DNA microarray is an emerging 
decoding tool in functional proteomics and chemical biology (Lovrinovic and 
Niemeyer, 2005). As mentioned above, genome-wide determination of protein-
binding sequences can be readily achieved by ChIP-on-chip. In a related work, Robyr 
et al. (2002) sought to depict the genome-wide map of enzymatic activity of yeast 
histone deacetylases (HDACs). HDACs are a group of enzymes which regulate DNA 
transcription by deacetylating histone proteins. In their work, the DNA fragments 
from both HDACs mutant and wide-type yeast cells were simultaneously enriched by 
ChIP with specific antibodies against selected acetylated lysines of histone. The 
enriched DNA fragments were then combined and hybridized onto the microarray 
containing about 6700 intergenic regions of yeast genome. The difference in 
fluorescence between two samples indicated where histones were deacetylated by the 
HDACs of interest, thereby providing a comprehensive map of HDACs activity in 
yeast.  
        
With versatile chemical tools, Winssinger and co-workers have utilized either 
fluorescent or fluorogenic chemical molecules, which were encoded by peptide 
nucleic acid (PNA), to probe the proteolytic activities in different crude cell extracts 
(Winssinger et al., 2004; Harris et al., 2004). Upon the in vitro screening, the selected 
probes which indicated the enzymatic activities were decoded through the 
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hybridization of PNA onto the corresponding DNA microarray. Other recent 
examples include the screening of encoded self-assembling chemical libraries 
(Melkko et al., 2004), discovery of novel bond-forming reactions (Kanan et al., 2004), 
screening of phage-displayed small molecules (Yin et al., 2004), etc.  
          
Together with our work, these exciting applications of DNA microarray in functional 
proteomics will continue to accelerate the elucidation of protein activity and function 
on a proteome-wide scale. 
 
4.4 Conclusions and future directions 
       
Herein we have demonstrated that Expression Display could be used for high-
throughput screening and identification of proteins on the basis of their enzymatic 
activities. By taking advantage of the activity-based chemical probe, we have shown, 
for the first time, multiple enzymes belonging to the same class could be fished out as 
ribosome-displayed complexes from a DNA library, followed by facile identification 
with the decoding DNA microarray. In our experiments, all genes were individually 
constructed before pooling into a single DNA library in order to ensure the library 
diversity and equal presentation of each gene in the library. Other DNA libraries, 
either commercially available or constructed using standard cloning techniques, 
should be equally applicable for Expression Display. 
        
Overall, our strategy is novel in a number of ways when compared with other existing 
proteomic techniques. Firstly, our strategy distinguishes itself from the 
electrophoretic/chromatographic protein profiling methods by allowing a high-
throughput identification of enzymes without the need of MS. As we know, the 
protein identification by MS is generally time-consuming with low throughput, which 
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hampers large-scale protein analysis. On the other hand, considering the expression 
levels of most enzymes are relatively low in contrast to those of the housekeeping 
proteins in a proteome, the standard 2-DE is not ideal for the separation and analysis 
of those low-abundance proteins. Secondly, by circumventing tedious procedure of 
cloning, expression and purification of each protein, out strategy could express and 
characterize hundreds to thousands of proteins in one single mixture, thereby 
facilitating protein characterization on a large scale. Thirdly, by utilizing RT-PCR for 
the amplification of isolated genes and subsequently using DNA microarray for 
decoding, our strategy provides a very sensitive detection method. The detection limit 
of Expression Display needs to be further addressed. Taken together, we envision that 
Expression Display will be potentially applicable for a high-throughput 
characterization of proteins from any known or unknown organisms and therefore 
facilitate the study in functional proteomics.  
          
In future, some interesting issues need to be further addressed. The first issue is about 
the stability of mRNA-ribosome-protein complexes. In most of the applications of 
ribosome display so far, all the in vitro experiments following the formation of ternary 
complex must be carried out at low temperature (4 oC) so as to avoid the dissociation 
of mRNA and protein from the ribosome. This requirement of maintaining low 
temperature during in vitro selection renders Expression Display inapplicable for the 
protein assays which must be conducted at room (or higher) temperature. To alleviate 
this problem, a modified ribosome display system has been described whereby the 
resultant mRNA-ribosome-protein complexes could be stable at room temperature 
(Zhou and Fujita et al., 2002). In this system, through the introduction of the ricin A 
chain to inactivate eukaryotic ribosome, the release of mRNA and nascent protein 
from ribosome was inhibited, resulting in the formation of a stable ribosome-
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displayed complex. However, since the inactivation of ribosomes by ricin is very 
efficient (about 1500 ribosomes per minute), it needs to be further addressed whether 
the ricin can also inactivate the adjacent ribosomes which are in the process of 
translating other mRNAs. If this inactivation by ricin is not selective, it will generate a 
large number of truncated proteins as a result of rapid inhibition of in vitro protein 
synthesis by ricin. In this sense, only when it is confirmed that ricin can selectively 
inactivate the ribosome with which it has been translated, this modified system can be 
further applied for the in vitro selection of functional proteins which typically entails 
the expression of full-length proteins.  
 
A second issue is about the removal of stop codon from gene before being ribosome-
displayed. Although it is widely believed that stop codon can recruit the release 
factors to dissociate the mRNA and nascent protein from ribosome and consequently 
the removal of stop codon is necessary in ribosome display, it has been shown that 
selection of the gene with a stop codon using ribosome display was still feasible 
(Sawata and Taira, 2003). To date, however, the mechanism of the formation of 
ribosome-displayed complexes in the presence of stop codon remains elusive. Future 
elucidation of this mechanism will help to answer whether the removal of stop codon 
is really necessary for the efficient display of proteins on the ribosomes. This issue 
will be of particular importance when a mixture of mRNA extracted from cells needs 
to be constructed for Expression Display since the removal of the stop codon from 









Chapter 5 High-throughput screening of functional proteins 




As reported in the chapter 4, we had successfully carried out an activity-based 
screening of the ribosome-displayed yeast protein library in a high-throughput manner. 
Instead of the 384-membered protein library which had been screened in chapter 4, 
we next sought to examine the feasibility of screening the protein library on a 
proteome-wide scale. In this study, we chose to screen a commercially available 
phage-displayed human brain cDNA library using PTP probe.  
       
Phage display was first invented in 1985 by George P. Smith, who inserted foreign 
DNA fragments into filamentous phage gene III so as to display the foreign proteins 
on the surface of virion (Smith, 1985). By virtue of the genotype-phenotype linkage, 
phage display allows rapid protein “amplification” between each round of selections 
and provides an efficient means for the facile identification of enriched proteins, 
whereby encoding DNA fragments, rather than proteins themselves, will be 
sequenced after the selection. In the past two decades, phage display has been widely 
exploited for the screening of protein-binding molecules (including protein-protein 
interactions), protein engineering and cell-specific targeting (Kehoe and Kay, 2005). 
The most common application of phage display is to produce affinity peptides or 
proteins that bind to a target of interest. This target can be a small molecule, a 
macromolecule or a protein itself (Videlock et al., 2004; McKenzie et al., 2004).  By 
using a phage-displayed cDNA library, Zozulya and co-workers (1999) have globally 
characterized the protein-protein interactions in particular signaling pathways for the 
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elucidation of intracellular protein networks. In terms of protein engineering, phage 
display has found great success in generating high-affinity antibodies (Griffiths and 
Duncan, 1998), selection of proteins with improved stability against proteolysis 
(Riechmann and Winter, 2000), and production of artificial transcription factors 
(Beerli and Barbas, 2002). More recently, phage display has been exploited for the 
identification of affinity tags binding specifically to a single cell type. This screening 
of cell-specific peptides could be carried out either by using cultured cells 
(Mutuberria et al., 2004), or by the injection of phages into living animals (Kolonin et 
al., 2004), leading to potential cell-specific delivery of therapeutic reagents.  
 
Although phage display has been successfully exploited in different fields (as 
mentioned above), activity-based screening of functional proteins using phage display 
remained less explored.  
         
5.2 Objective 
 
In this study, we sought to screen the phage-displayed human brain cDNA library 
using synthetic PTP probe (Figure 5.1). Following several rounds of biopanning with 
the probe, the enriched phages were eluted and then identified by DNA sequencing or 
potentially DNA decoding on DNA microarray. This work intended to further 
examine the feasibility of a rapid identification of functional proteins from a genome-






                                          
Figure 5.1 Schematic illustration of high-throughput screening of functional proteins 




5.3 Results and discussion 
5.3.1 In vitro screening of functional proteins under standard selection conditions 
          
In this study, we sought to utilize the same chemical probe used in chapter 4 to fish 
out the phosphatases from phage-displayed human brain cDNA library (Figure 5.1). 
As discussed in chapter 4, the selection condition is critical for in vitro selection of the 
proteins of interest. In the first trial (batch A), we followed the selection conditions 
similar to those described in chapter 4.  
          
Following phage propagation, we first incubated the fresh phage lysate containing 
human brain cDNA library with streptavidin beads (Promega) to remove streptavidin-
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binding phages. Afterwards, the phage lysate was incubated with the PTP probe, 
together with 10 mg/ml BSA, at 4 oC for 2 hours. After the incubation, the 
streptavidin beads were washed five times with phage washing buffer. The phage 
washing buffer was prepared as described in previous reports where phage-displayed 
proteins were selected with high binding affinity for the target ligand (Videlock et al., 
2004; McKenzie et al., 2004). Following extensive washing, an aliquot of the bound 
phages was used for phage titering and the rest of phages were propagated for the next 
round of the biopanning. In this study, the bound phages after selection were directly 
amplified by the addition of mid-log host bacteria cells since it is hardly possible to 
elute the phages which were covalently tethered to the probe. It has been reported that 
displayed proteins bound on the solid support do not interfere with the infectivity of 
the bound phages (Mikawa et al., 1996).  
          
In light of the purpose of in vitro selection, the biopanning should be stopped when no 
further increment in the number of recovered phages is observed. In this trial (batch 
A), we stopped the selection in the fourth round since no further enrichment of phages 
between round 3 and round 4 of the biopanning  was observed based on the results of 
phage titering (Figure 5.2a). The phage lysate after the third round of biopanning was 
diluted and plated by the plaque assay. Individual plaques were randomly picked for 
PCR amplification of the cDNA inserts. The phage clones containing a proper cDNA 
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Figure 5.2 Phage enrichment between each round of the biopanning of human brain 
cDNA library. The phage enrichment is embodied by an increased ratio of the number 
of bound phages to the number of input phages between different rounds of 
biopanning. (a) Four rounds of in vitro selection were carried out under the standard 
selection conditions (batch A). (b) Seven rounds of in vitro selection were carried out 





The results of DNA sequence BLAST show that only two phage clones (A8 and A19), 
out of 24 sequenced clones, match two different PTP clones, respectively (Table 5.1). 
Clone A8 contains part of the sequence of Homo sapiens myotubularin related protein 
2 which has been characterized as a dual specificity phosphatase encompassing PTP 
Phage output / input (10
-7) 





activity (Bolino et al., 2000). Clone A19 matches clone RP4-707K17 (AL024473) 
which contains part of the sequence of another PTP (receptor type T). Other identified 
clones included myosin phosphatase target subunit 2 (clone A6), GTPase (clone A11 
and clone A14), etc (Table 5.1).  
         
However, further analysis shows that the sequences from clone A8 and clone A19 are 
not the PTP protein coding sequences. These cloned cDNA sequences are within 
either the 5’ or 3’ untranslated regions. From the translated peptide sequence, we also 
found that both clones A8 and A19 have less than 30 aa of the peptide sequences 
which are in frame with the phage coat protein, indicating that only very short 
peptides are displayed on the phage surface of these two clones. Moreover, Table 5.1 
shows that both the clone A8 and clone A19 did not show the highest binding affinity 
for the probe among 24 randomly picked phage clones based on the phage titers from 
probe binding assays. All these results suggest that the selection may not be 
completely attributed to the activity or affinity of the proteins displayed on the surface 
of phages. It remains unknown why these phage clones could be selected from a 











Table 5.1 Phage clones selected from human brain cDNA library (batch A). The 
phages binding to the probe were titered by the plaque assays. All the sequenced 
phage clones were ranked according to their probe binding titers.  
Phage 
clone 
Titer of phages 
binding to the 
probe (pfu/ml) 
Sequence 
match Clone description 
A1 4.8 × 107 AL137059 clone RP11-125I23 on chromosome 13 
A2 2.45 × 107 AL929472 clone RP11-109P14 on chromosome 1 
A3 1.8 × 107 NM_001017 ribosomal protein S13 
A4 1.7 ×  107 NM_016588 neuritin 1 
A5 1.22 × 107 AC012622 clone CTD-2072F21 on chromosome 5 
A6 9.6 ×  106 AF324892 myosin phosphatase target subunit 2 
A7 3.6 × 106 AC018508 clone RP11-123L21 on chromosome 10 
A8 3.3 ×106 NM_201278 myotubularin related protein 2 
A9 3.3 ×106 AC012618 clone CTD-2666L21 on chromosome 19 
A10 2.25 × 106 AC016635 clone RP11-313I12 on chromosome 5 
A11 1.5 × 106 AY032844 GTPase 
A12 1.05 × 106 BC010448 KIAA1191 protein 
A13 106 BC035932 small EDRK-rich factor 
A14 9 × 105 AY032844   GTPase 
A15 3.6 ×105 NM_003081 synaptosomal-associated protein 
A16 2.5 × 105 AF317228 spindlin 1 
A17 2.5 × 105 NM_020066 formin 2 
A18 1.8 × 105 AL359085 clone RP11-113J24 on chromosome 13 
A19 1.4 × 105 AL024473 
clone RP4-707K17 Contains part of the 
PTPRT gene for protein tyrosine 
phosphatase receptor type T 
A20 105 NM_199478 proteolipid protein 1 
A21 105 AK127500 clone BRTHA3014920 
A22 8 × 104 AP001419 clone RP1-24K9 on chromosome 21 
A23 3 × 104 X52104 p68 protein 





5.3.2 In vitro screening of functional proteins under modified selection conditions 
          
In the following endeavor, we further modified the selection conditions in an attempt 
to improve the selection specificity. During the incubation of phage-displayed 
proteins with the probe, three metal ions, including 1 mM Mn2+, 1 mM Ni2+ and 1 mM 
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Mg2+, were added into the incubation buffer. It has been reported that these three 
divalent metal ions could, to some extent, enhance the activity of the phosphatases 
purified from human brain (Cheng et al., 2000; Cheng et al., 2001). Since the 
covalent binding of the proteins to the probe relies on the phosphatase activity, we 
presumed that the addition of the metal ions will facilitate the specific trapping of 
phage-displayed phosphatases by the probe. For the same reason, we changed the 
incubation temperature to 30 oC for 1 hour to enhance the protein activity. With 
respect to the washing conditions, we chose to use a detergent (1% SDS), instead of 
the normal phage washing buffer, to remove noncovalently bound phages. In contrast 
to other phage display systems, T7 phages are stable to a broad range of buffers 
including 5 M sodium chloride, 4 M urea, 2 M guanidine-HCl, 100 mM dithiothreitol 
(DTT) and 1% SDS (T7Select® system manual).  
         
In this trial (batch B), we first empirically stopped the in vitro selection for clone 
identification at the fourth round of the biopanning, although the bound phages were 
still being enriched at this point (Figure 5.2b). This is because three or four rounds of 
the biopanning are typically sufficient for a successful affinity- or activity-based 
protein screening based on previous reports and our experience. The phage sample 
after the fourth round of the biopanning was diluted and plated by the plaque assay. 
As usual, individual plaques were randomly picked for PCR amplification of the 
cDNA inserts. The phage clones containing a proper cDNA insert (>300bp) were 
identified by DNA sequencing. The results of sequence BLAST show that no PTP is 
present among 15 identified phage clones (Table 5.2). However, three clones (B3, B9 
and B15) have part of the sequences matched to the clones containing PTP genes. 
Clone B3 matches part of sequence of clone RP11-490F3 (AL360020) which contains 
the gene for PTP9Q22. Clone B9 matches part of sequence of clone RP11-397F23 
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(AL162733) which contains the gene for the PTP (non-receptor type 3). Clone B15 
matches part of sequence of clone RP11-316H11 (AL645859) which contains the 
gene for PTP (receptor type U). Phage binding assays showed that the affinity of three 
clones for the probe was approximately 150-250 times higher than the affinity for the 
streptavidin beads (Table 5.2). However, further sequence analysis indicates that the 
DNA sequences from clone B3, B9 and B15 are not the PTP protein coding sequences.  
        
Besides three clones mentioned above, of particular interest are the clones (B1, B7 
and B10) which encode myelin basic protein (Appendix 7). According to the 
translated peptide sequences, clone B1 and clone B7 have about 48 aa and 169 aa, 
respectively, in frame with the phage coat protein, whereas clone B10 has less than 10 
aa in frame. In the following rounds of biopanning (round 5-7, Figure 5.2b), we 
found that this myelin basic protein was highly enriched. By DNA sequencing, we 
have identified 16 randomly picked phage clones from the sixth round of the 
biopanning. Out of the 16 sequenced clones, 12 clones contain the coding sequence of 
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Table 5.2 Phage clones selected from human brain cDNA library (batch B, round 4). 
The phages binding to the probe or streptavidin were titered by the plaque assay. T7 




Phage titer of 
probe binding 
assay (pfu/ml) 




Sequence match Clone description 
B1 5 × 107 2 × 107 NM_001025101 myelin basic protein 
B2 N/A AB007922 KIAA0453 protein 
B3 1.25 × 105 500 AC114778 clone RP11-516O5  
B4 N/A AY258285 proliferation-inducing protein 15 
B5 N/A AY400581 H1F0 gene 
B6 N/A X98494 M phase phosphoprotein 10 
B7 3.6 × 107 2.5 × 107 NM_001025092 myelin basic protein 




B9 1.1 × 105 1.5 × 103 AC074000 clone CTD-2023N18  
B10 N/A NM_001025101 myelin basic protein 




B12 N/A AC005884 
clone  
hRPK.264_B_14 
on chromosome 17 
B13 N/A AC117415 clone RP11-43F17 




type 1 motif 
B15 2.5 × 104 <500 NM_007209 ribosomal protein L35 
T7 
control 4.5 × 10









Based on the results we obtained, there may be two main reasons why myelin basic 
protein could be selectively enriched during the biopanning by the phosphatase probe. 
Firstly, myelin basic protein is a universal substrate of protein kinases and 
phosphatases with multiple phosphorylation/dephosphorylation sites. It has thus been 
widely used to assay the activity of PTPs, protein serine/threonine phosphatases and 
the protein phosphatases with dual specificity (MacKintosh, 1993; Tonks, 1993). As a 
phosphatase substrate, myelin basic protein might be pulled down together with its 
associated phosphatases reacting with the probe. Secondly, the results of probe and 
streptavidin binding assays showed that myelin basic protein had a very high binding 
affinity for the streptavidin, regardless of the presence or absence of the probe (Table 
5.2). Since the probe was bound to the streptavidin beads during the biopanning, this 
high affinity of myelin basic protein for streptavidin presumably increases the chance 
of forming a covalent bond between myelin basic protein and the intermediate of 
probe upon phosphate hydrolysis by the PTPs. As such, myelin basic protein might be 
enriched after rounds of biopanning.  
 
5.4 Conclusions and future directions 
        
In this study, we sought to fish out functional proteins by the chemical probe from a 
human brain cDNA library containing over 107 primary recombinants. However, we 
did not find any phage-displayed proteins with considerable PTP activity after several 
rounds of the biopanning. Based on our results, the clones which match part of PTP 
gene sequence do not contain the PTP protein coding sequences. On the other hand, 
one of highly enriched protein, myelin basic protein is actually a universal 
phosphatase substrate with a very high binding affinity for streptavidin.  
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In future endeavors, we may ameliorate this phage display-based protein screening 
system from two aspects. For the cDNA library screened in this study, the first strand 
of cDNA was primed with random primers. As a consequence, most of the cloned 
cDNAs in the library may not encode full-length proteins. Although it is possible to 
fish out some peptides/proteins with certain protein domains of interest from such 
randomly primed cDNA libraries (Videlock et al., 2004; McKenzie et al., 2004), it 
seems that the selection of functional proteins with enzymatic activity will be difficult 
based on our results obtained in this study. To alleviate this problem, we can use 
oligo(dT) priming to clone the cDNA library with full-length genes. This may help to 
ensure the activity of proteins displayed on phage coat. The second aspect is to 
distinguish those nonspecifically enriched phages from the phages containing the 
proteins of interest. Similar to the strategy demonstrated in chapter 3, we may 
introduce a control sample which can pinpoint nonspecifically enriched phage clones 
during biopanning. The subtraction of these nonspecifically bound clones from final 
data sets of the biopanning will lead to a rigorous identification of the proteins with 




















Chapter 6 Concluding remarks 
  
6.1 Conclusions and critiques  
 
   
In this study, we have developed and further explored the capacity of advanced 
proteomics techniques for high-throughput identification of proteins (mainly the 
enzymes and their associated proteins in yeast proteome). To address the problems 
faced in high-throughput quantitation of proteins, DIGE was exploited to profile the 
yeast proteome upon exposure to exogenous metal stimuli. Proteins with significantly 
altered expression levels were quantified simultaneously in DIGE gels and 
subsequently identified by MALDI. The identification of up- or down-regulated 
proteins in 2-D DIGE gels using MALDI will lead to elucidation of the defense 
mechanisms in yeast since these proteins are assumed to be the main executors of the 
cellular response to metal disturbance. Our results also showed that DIGE has certain 
advantages over conventional 2-DE in that DIGE offered greater sensitivity and a 
broader linear dynamic range. However, DIGE also has its intrinsic limitations in 
proteomic applications. The fluorescent labeling relies on the covalent linkage of Cy3 
or Cy5 dyes to the proteins, which may cause a slight shift between labeled and 
unlabeled protein spots in 2-D DIGE gels. Although no significant shift was found in 
the pI dimension, the shift of the protein spots in the second dimension has hindered a 
straightforward spot excision from the 2-D DIGE gel and subsequent protein 
identification. In this study, the solution for this problem was to prepare a reference 
gel, where proteins were unlabeled and thus could be directly identified by MALDI. 
This reference gel was used to correlate the protein spots across different 2-D DIGE 
gels. As such, all the proteins on DIGE gels were readily identified based on the 
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reference gel without further spot excision from each 2-D DIGE gels. Nevertheless, it 
is still challenging to apply this method to identify some low-molecular-weight 
proteins since the spot shift of these proteins may be more significant in 2-D gel, 
rendering the correlation of labeled and unlabeled proteins difficult.   
          
Next, we demonstrated a new strategy for the rigorous identification of protein-
protein interactions. When both the purified protein complexes and nonspecifically 
bound proteins (control sample) were resolved in the same 2-D DIGE gel, the 
contaminating proteins could be readily identified by comparison of two images of 2-
D DIGE. The subtraction of contaminating proteins after the purification of protein 
complexes led to a more rigorous identification of the protein-protein interactions on a 
proteome-wide scale.  
 
Thirdly, a novel strategy, named Expression Display, was developed to expedite 
activity-based protein identification in a high-throughput fashion. Genes coding for 
the proteins with desired enzymatic activities were successfully singled out from a 
DNA library with the aid of a small-molecule probe. This strategy will be of great 
help in simultaneous functional dissection of genes and gene products from an 
organism. In the following experiments, we sought to select the active proteins from a 
human brain cDNA library using phage display. Results showed that when the DNA 
library was larger, it became more difficult to control the specificity of the in vitro 
selection. This may be because when more proteins were expressed from an enlarged 
DNA library, the contaminating proteins can more significantly interfere with the 
specific binding of the target proteins to the probe during the biopanning. This 
problem poses a particular challenge for applying the strategy of in vitro selection to 
screen a genome-wide DNA library encompassing thousands of genes. 
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6.2 Future directions 
             
Although the frontier of proteomics has been constantly pushed forward by the 
development of the state-of-the-art proteomic techniques, no techniques to date can 
address all the issues in proteomics. Future endeavors in developing and applying 
advanced proteomic techniques should still be focused on three main tasks of 
proteomics (Figure 1.1). Firstly, both the gel-based and gel-free protein quantitation 
methods are promising for the identification of disease-related biomarkers, including 
enzymes, which can eventually contribute to the therapeutics for human diseases. 
Secondly, following several high-throughput screening projects, a large set of 
identified protein-protein interactions needs to be further verified not only in silico, 
but more importantly by the experiments. Thirdly, the functional annotation of all the 
proteins in a proteome is probably the most formidable task in proteomics. The 
exploration of protein activity, as well as protein post-translational modifications, will 
lead to a better understanding of protein functions in a complex biological system. 
Nevertheless, how to characterize the activities of different classes of proteins and 
identify protein post-translational modifications in a high-throughput manner remain 
to be big challenges ahead.  
 
In future, the integration of genomics and proteomics data (including catalomics) 
fostered in system biology will eventually lead to a more comprehensive view of any 






Chapter 7 Materials and methods 
 
7.1 Common materials and methods 
7.1.1 Bacteria strains and culture media 
       
Bacteria TOP10 cells (Invitrogen) were cultured at 37 oC in Luria-Bertani (LB) broth 
(Bio Basic) containing 10 g/l tryptone, 5 g/l yeast extract and 10 g/l NaCl.  TOP10 
cells were used for the preparation of competent cells.  
       
Bacteria BLT5403 (Novagen) is the host strain of T7 phage. For the phage 
propagation, BLT5403 cells were cultured in LB broth (pH 7.5) with 50 µg/ml 
carbenicillin or ampicillin at 37 oC until log phase. For the plaque assay, BLT5403 
cells were inoculated into M9LB medium, containing 5 ml 20× M9 salts (20 g/l 
NH4Cl, 60 g/l KH2PO4, 120 g/l Na2HPO4·7H2O), 2 ml 20% glucose, 0.1 ml 1 M 
MgSO4 and 100 ml LB broth, and then cultured at 37 oC until OD600 reached 1.0.  
 
7.1.2 Yeast strains and culture media 
       
The budding yeast strain BY4741 (MATa his3delta1 leu2delta0 met15delta0 
ura3delta0; Brachmann et al., 1998) was purchased from ATCC (Cat. Number: 
201388). Yeast cells were cultured in YPD broth (Bio Basic), containing 2% tryptone, 
2% glucose and 1% yeast extract, with shaking at 30 oC.  
        
A complete set of yeast ExClonesTM was purchased from Invitrogen. Each yeast clone 
contains a plasmid encoding a different full-length yeast ORF fused to the GST tag. 
The expression of GST-fusion protein is under the control of Pcup1 promoter. Yeast 
ExCloneTM was cultured in SD-Ura liquid medium or on agar plate at 30 oC. For 
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protein overexpression, yeast ExCloneTM was inoculated into SD-Ura-Leu medium 
and then induced by copper. Upon growth selection in the culture medium lacking 
leucine, the yeast plasmid is maintained at high copy number to provide sufficient 
gene product for cell survival (Gietz and Sugino, 1988).  
 
7.1.3 DNA sample preparation and analysis 
7.1.3.1 DNA extraction and polymerase chain reaction (PCR) 
       
Plasmid DNA extraction from bacteria cells, DNA gel extraction and purification of 
PCR products were carried out by using QIAprep Miniprep kit, QIAquick gel 
extraction kit and QIAquick PCR purification kit (Qiagen), respectively.  
       
Isolation of plasmid DNA from yeast ExClonesTM was performed as previously 
described with certain modifications (Robzyk and Kassir, 1992). In brief, 5 ml 
overnight yeast culture was harvested by centrifuging at 4000 revolutions per minute 
(rpm) for 10 minutes, followed by re-suspension in 100 µl STET buffer containing 
8% sucrose, 50 mM Tris (pH 8.0), 50 mM EDTA and 5% Triton X-100. With the 
addition of about a small spoon of acid-washed glass beads (Sigma), the yeast cells 
were lysed by a mixer mill (Retsch) (30 /second, 10 minutes twice, at 4 °C). After 
spinning, the supernatant was transferred to a fresh tube containing 500 µl of 7.5 M 
ammonium acetate and then incubated at -20 °C for 1 hour. Following incubation and 
centrifugation, the supernatant was combined with 200 µl of ice cold ethanol to 
precipitate DNA at room temperature for about 30 minutes. Precipitated DNA was 
then collected after centrifugation, 70% ethanol washing and re-suspension in 20 µl 
water. The isolated yeast plasmid DNA can be used for DNA transformation or PCR 
amplification with the primers: ExClone-YF (5’-
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GCGGCGGCCATATGGAATTCCAGCTGACCACC -3’) and ExClone-YR (5’-
GGCGGCTGCTCTTCCGCATCCCCGGGAATTGCCATGCCA-3’).     
 
DNA amplification by PCR was carried out in T1 thermocycler (Biometra) or peltier 
thermal cycler (MJ research) using Taq DNA polymerase (Promega) or HotStar Taq 
DNA polymerase (Qiagen). dNTPs were obtained from New England Biolabs (NEB).  
 
7.1.3.2 DNA cloning and sequencing 
          
By TA cloning, the PCR amplicons could be cloned into pCR2.1-TOPO vector from 
TOPO TA cloning kit (Invitrogen) according to vendor’s recommendation. For DNA 
transformation, the competent cells were prepared as follows. 0.2 ml of overnight 
TOP10 cell culture was inoculated into 20 ml SOB broth (pH 7.0) containing 20 g/l 
tryptone, 5 g/l yeast extract, 0.5 g/l NaCl, 2.44 g/l MgSO4 and 0.186 g/l KCl. The 
TOP10 cells were cultured at 37 oC until OD550 reached 0.5, followed by incubation 
on ice for 15 minutes and centrifugation at 4000 rpm for 15 minutes. The cell pellet 
was re-suspended in 10 ml of Tfb1 buffer containing 2.94 g/l potassium acetate, 12.1 
g/l RbCl, 1.47 g/l CaCl2, 10 g/l MnCl2 and 150 ml/l glycerol. After incubation on ice 
for 15 minutes and centrifugation (4000 rpm, 15 min), the cell pellet was again 
suspended in 1 ml of Tfb2 buffer containing 2.1 g/l MOPS, 11 g/l CaCl2, 1.21 g/l 
RbCl and 150 ml/l glycerol. Aliquots of the solution were immediately frozen in 
liquid nitrogen and then stored at -80 oC.  
          
DNA sequencing was performed in 20 µl PCR reaction containing 4 µl reaction 
premix (Applied Biosystems), 2 µl 5 × sequencing buffer, 3.2 pmol primer and 200-
500 ng plasmid DNA or linear DNA templates for 25 cycles of 30 seconds at 96 °C, 
15 seconds at 50°C and 4 minutes at 60°C. Reaction products were precipitated in a 
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solution containing 3 µl 3 M sodium acetate (pH 4.6), 62.5 µl ethanol and 14.5 µl 
water at room temperature for 30 minutes. After washing with 150 µl of 70% ethanol, 
DNA pellet was suspended in 12 µl Hi Di formamide and then sequenced by ABI 
3100 sequencer (Applied Biosystems).       
 
7.1.4 Protein sample preparation and analysis 
7.1.4.1 Protein expression and purification 
          
Expression and isolation of GST-fusion proteins from yeast ExClonesTM were 
performed as described (Martzen et al., 1999). Briefly, yeast ExClonesTM were 
inoculated into SD-Ura liquid medium, grown overnight, re-inoculated into SD-Ura-
Leu and grown to absorbance at 600nm of 0.8. The yeast cells were then induced with 
0.5mM copper sulfate for 2 hours before harvest. Subsequently, cells were lysed in 
the buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 10 mM MgSO4, 1 
mM EDTA, 0.5% Triton, 10 µg/ml leupeptin and 1 µg/ml pepstatin with acid-washed 
glass beads (Sigma) by the mixer mill (Retsch) (30 /second, 10 minutes twice, at 4 
°C). The GST-fusion proteins were purified by GSH sepharose (GE Amersham 
Biosciences) according to vendor’s recommendation. Briefly, GSH resin was washed 
three times with 1× PBS buffer (8 g/l NaCl, 0.2 g/l KCl, 1.44 g/l Na2HPO4·7H2O, 0.24 
g/l KH2PO4, pH 7.4). After washing, the GSH resin was sedimentated by 
centrifugation (500 g, 10 min), followed by incubation with the cell extract containing 






7.1.4.2 1-D, 2-D gel electrophoresis and silver staining 
 
To analyze proteins by SDS-PAGE, proteins were boiling for 5-10 minutes in 1× 
SDS-PAGE loading buffer containing 50 mM Tris (pH 6.8), 100 mM DTT, 2% SDS, 
10% glycerol and 0.1% bromophenol blue. Subsequently, the proteins were separated 
in 12% SDS-PAGE gel.  
           
All 2-D DIGE experiments were performed on an Ettan IPGphor™ isoelectric 
focusing and Ettan DALT™ gel system using standard protocols recommended by the 
vendor (Ettan DIGE user manual). All the equipment and gel strips were purchased 
from GE Amersham Bioscience (Cleveland, OH, USA), unless otherwise mentioned. 
Protein concentration was determined using Bradford protein assay (Bio-Rad) with 
the protocol recommended by the vendor (Bradford, 1976). Equal amount of Cy3- and 
Cy5-labeled samples were mixed together with rehydration buffer and then transfered 
to a rehydration tray. The final concentration of rehydration buffer was 8 M urea, 2% 
CHAPS, 1% IPG buffer, 4 mg/ml DTT with trace amount of bromophenol blue. An 
immobilized pH gradient strip (pH 4-7, 7cm or 18 cm) was then placed on top of the 
sample. The sample should be evenly distributed along the gel strip without any 
bubbles in beteewn. The strip was overlaid with 1-2 ml mineral oil to avoid the 
sample evaporation, and then passively rehydrated for 1 hour, followed by 12 hours of 
active rehydration (20 oC, 50V). The active rehydration can facilitate the absorbance 
of large proteins by the gel. The total voltage-hour in IEF was 32 kVh, or higher when 
the voltage can hardly reach 8,000V. The gel strip after focusing can be held at 500V 
for a few hours without significant protein diffusion in the gel. After IEF, the strip 
was rinsed with Milli-Q water to remove the oil on the strip surface and then the strip 
can either proceed to the second dimension electrophoresis or be frozen at -80 oC if 
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necessary. Before being applied to a 12% SDS-PAGE gel, the strip was equilibrated 
in the equilibration buffer I (6 M urea, 2% SDS, 0.375 M Tris (pH 8.8), 20% Glycerol, 
130 mM DTT) for 15 minutes and then in equilibration buffer II (6 M urea, 2% SDS, 
0.375 M Tris (pH 8.8), 20% Glycerol, 135 mM iodoacetamide) for another 15 
minutes, followed rinsing with SDS running buffer (25 mM Tris (pH 8.3), 192 mM 
glycine, 0.1% SDS) for a few seconds. Subsequently, the gel strip was placed on top 
of the resolving gel without any bubbles in between and then overlaid with agarose 
sealing solution (1% agarose and a few grains of bromophenol blue in SDS running 
buffer). SDS-PAGE gel electrophoresis was carried out in Ettan DALT™ gel system 
at 2.5 W/gel for 30 minutes in order to transfer the proteins from gel strip into the 
polyacrylamide gel, and then 17 W/gel until the dye front was 1 mm away from the 
bottom of the gel. After gel electrophoresis, the gel images were obtained using a 
Typhoon™ 9200 fluorescence gel scanner (GE Amersham Bioscience). A 580-nm 
band-pass filter, which transmits light between 565 nm and 595 nm and has a 
transmission peak centered at 580 nm, was used for the collection of Cy3 images.  A 
670 band-pass filter, which transmits lights between 655 nm and 685 nm and has a 
transmission peak centered at 670 nm, was used for the collection of Cy5 images. 
Protein spots on 2-D gels were matched and quantitatively analyzed with the software 
Progenesis™ (GE Amersham Bioscience). According to the manual of Progenesis™, 
each spot volume is the sum of pixel intensities within the spot, which was 
normalized with the total spot volume of the gel. For comparison, all values of fold 
difference were based on normalized spot volumes. 
           
The method of silver staining was adapted from the protocol reported by Blum et al. 
(1987) (Table 7.1). All the reagents were prepared just before use.  
 
 133
Table 7.1 Protocol of silver staining. 
 
 Reagents Concentration Operation Time 
1 Methanol  








50% (v/v) Incubation 15 min 
3 Milli-Q water 
 
 Washing (5×)  5 min 
4 Sodium thiosulfate 
 
0.2 g/l Incubation 1 min 
5 Milli-Q water 
 
 Washing (2×) 1 min 
6 Silver nitrate, 
 chilled to 4 ◦C before use 
 
2 g/l Incubation 25 min 




8 Sodium carbonate anhydrous 







Max 10 min 
9 EDTA 
 
14 g/l Stop 10 min 




7.1.4.3 Protein identification by MALDI-TOF MS 
          
Protein spots of interest were excised manually from polyacrylamide gel and ground 
into small pieces before being transferred to a PCR tube. The protocol (Appendix 1) 
of in-gel tryptic digestion of silver-stained proteins was adapted from the protocol 
described by Shevchenko et al. (1996). Briefly, the ground gel pieces were destained 
in 50 mM ammonium bicarbonate and 50% (v/v) acetonitrile until they become white 
and opaque, which were then dried thoroughly in a vacuum centrifuge. The 2-D gels 
which had been equilibrated in two equilibration buffers between the first and second 
dimensional gel electrophoresis required no further protein reduction / alkylation and 
could directly proceed to tryptic digestion in 50 mM ammonium bicarbonate solution 
containing 12.5 ng/µl of trypsin for 12-15 hours at 37 oC. After protein digestion, the 
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tryptic peptides were extracted first in 20 mM ammonium bicarbonate and then in the 
solution containing 5% (v/v) formic acid and 50% acetonitrile. A MALDI-TOF mass 
spectrometer (Voyager-DE STR™; Applied Biosystems) was used to obtain the 
corresponding mass spectra of tryptic peptides by the delayed-extraction reflection 
mode. The mass fingerprints of the peptides were used for protein identification by 
searching the NCBI database using Mascot™ search engine (Perkins et al., 1999). 
 
7.1.4.4 Western blotting        
 
Proteins were resolved in 12% SDS-PAGE gel as described above (section 2.3.2), and 
then transferred to PVDF membrane by SemiPhor semi-Dry transfer unit (GE 
Amersham Biosciences) for 1 hour (or longer for high-molecular-weight proteins) at 
45 mA. After blocking in milk, PVDF membrane was incubated with proper antibody, 
followed by the detection with ECL plus western blotting detection kit (GE 
Amersham Biosciences) according to vendor’s recommendation.   
 
7.2 Proteome analysis of Saccharomyces cerevisiae under metal stress by 2-D 
DIGE 
7.2.1 Dye synthesis 
         
Both Cy3 N-hydroxysuccinimidyl (NHS) ester and Cy5 NHS ester were synthesized 
as previously described (Unlu et al., 1997; Korbel et al., 2001; Liau et al., 2003). 
Briefly, Cy3 (0.44 g, 0.76 mmol) was dissolved in 5 ml N,N-dimethylformamide 
(DMF), followed by addition of NHS (106 mg, 0.92 mmol) and 1,3-
dicyclohexylcarbodiimide (DCC; 190 mg, 0.92 mmol). The reaction mixture was 
stirred for 12 hours at room temperature. The product, Cy3 NHS ester, was purified 
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with flash column to give a red solid; yield: 0.42 g (83%). Cy5 (0.22 g, 0.37 mmol) 
was dissolved in 3 ml DMF, followed by addition of NHS (52 mg, 0.45 mmol) and 
DCC (93 mg, 0.45 mmol). The reaction mixture was stirred for 12 hours at room 
temperature. The product, Cy5 NHS ester, was purified with flash column to give a 
blue solid; yield: 0.17 g (66%). The dyes were dissolved in dimethyl sulfoxide 
(DMSO) as 10 mM stock solutions and kept at -20 oC. 
 
7.2.2 Yeast culture and metal treatments 
          
As mentioned above, the yeast strain BY4741 was cultured in YPD media until mid-
log phase (OD600 = 0.8) and aliquots of the culture were treated with different 
concentrations of metal salts (Figure 2.2). All the metal salts were autoclaved before 
use.  
           
Survival tests were conducted by taking aliquots of untreated mid-log phase (OD600 = 
0.4) yeast culture and then spotting them onto the YPD agar plates containing 
different concentration gradients of metal salts based on previous work (Pearce and 
Sherman, 1999). Plates were incubated for 3-5 days at 30 oC.  
 
7.2.3 Sample preparation, protein labeling and 2-D DIGE 
           
Based on the results of survival tests, a working concentration for each metal salt was 
determined (Figure 2.2). Autoclaved metal slats with proper concentrations were 
added to the aliquots of mid-log phase (OD600 = 0.4) culture. The metal-treated yeast 
cultures were further grown until log phase with continuous agitation at 30 oC. Yeast 
cells were harvested by centrifugation at 4,000 rpm for 15 minutes and lysed by 
sonication in the sample buffer containing 7 M urea, 2 M thiourea, 4% CHAPS and 
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protease inhibitor cocktail (Pierce). Supernatants were collected after 
ultracentrifugation at 75,000 rpm for 1 hour at 4 oC. 5 mM Tris·HCl was used to 
adjust the pH to 8.0-9.0. The final concentration of Tris in the sample was estimated 
to be 2-3 mM. The optimal ratio of dye to protein was experimentally determined to 
be about 200 pmol dyes to 50 µg proteins, so as to ensure that only 1-2% of lysines on 
the proteins were labeled (Unlu et al., 1997). The untreated protein sample was 
labeled with Cy3, as an internal control across different gels, while metal-treated 
samples were labeled with Cy5, for 30 minutes on ice, followed by dye quenching 
with 1.5 µM of hydroxylamine. Cy3- and Cy5-labeled samples were then combined 
with 300 µl rehydration buffer.           
   
Separation of labeled proteins by 2-D DIGE was performed as described above. An 
unlabeled control sample was resolved in a 2-D gel as the reference gel for the 
subsequent protein identification. All the 2-D gels were analyzed by the software 
Progenesis™ (GE Amersham Bioscience). For the quantitative comparison, spot 
volume was normalized with the total spot volume of the gel.  
 
7.3 Identification of protein-protein interactions using 2-D DIGE 
7.3.1 Extraction and purification of the yeast metacaspase 
          
The yeast ExClonesTM were streaked on the SD-Ura drop-out agar plates and grown at 
30 oC for 3-5 days. Single colonies were re-inoculated into SD-Ura liquid medium. 
The expression and purification of GST-fusion proteins were performed as mentioned 
above. Purified GST-fusion protein was resolved in SDS-PAGE gel and detected by 
western blotting using anti-GST antibody (GE Amersham Biosciences).  
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For the protein extraction from wild-type yeast strain, yeast cells were cultured in 
YPD medium and lysed in the buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM 
NaCl, 10 mM MgSO4, 1 mM EDTA, 0.5% Triton, 10 µg/ml leupeptin and 1 µg/ml 
pepstatin with acid-washed glass beads (Sigma) by the mixer mill (Retsch) (30 
/second, 10 minutes twice, at 4 °C). Fresh yeast proteins were prepared before use.   
 
The removal of GST tag from GST-fusion protein was achieved by on-resin thrombin 
cleavage. 19 µl 1×PBS buffer was combined with the GSH resin containing purified 
GST-fusion protein. The cleavage was carried out by 0.01 unit thrombin (GE 
Amersham Biosciences) at 22 oC for 16 hours. The purified proteins were 
subsequently used for in vitro protein binding assays. 
 
7.3.2 Protein pull-down assay 
 
Two aliquots of fresh yeast cell lysate were incubated with the GSH resin containing 
YCA1-GST and GST, respectively, at 4 °C for 6 hours. The resins were then washed 
three times with the buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 10 
mM MgSO4, 1 mM EDTA and 0.5% Triton. After extensive washing, proteins bound 
on the resin were eluted in the buffer containing 7M urea, 2M thiourea and 4% 
CHAPS. The eluted protein samples from two resins were used for subsequent 2-D 
DIGE experiments. Proteins isolated from the resin containing the bait protein were 
labeled with Cy5, and proteins isolated from the control assay were labeled with Cy3.  
 
7.3.3 Analysis of identified protein-protein interactions on BIACORE® 
 
The analysis of protein-protein interactions was performed on a BIACORE® X system 
(Biacore AB, Uppsala, Sweden) as previously described (Huang et al., 2001; 
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Uttamchandani et al., 2004). Briefly, anti-GST was first immobilized on a 
BIACORE® sensor chip CM5, followed by the immobilization of GST and GST- 
YCA1 on the surfaces of two chip channels, respectively. GST channel was used as a 
control. The prey protein in the buffer (10 mM HEPES, 150 mM NaCl, 3.4 mM 
EDTA, 0.05% P20, pH 7.4) was then injected over the sensor chip. Sensorgrams were 
collected and analyzed by BIAevaluationTM software.  
 
7.4 Expression Display 
7.4.1 Probe synthesis 
 
The small-molecule probe for PTPs was synthesized as previously described with a 
modification that Cy3 moiety was replaced by biotin (Zhu et al., 2003). 
 
7.4.2 DNA construction  
          
The construction of all the genes used in this study was based on Figure 4.2. 
Streptavidin gene was amplified from the plasmid constructed in our lab with primers: 
STA-F (5’- 
GCCGCCCATATGGACTACAAAGACGTCTCGATTACGGCCAGCGCTTCGGC
A-3’) and STA-R (5’- TTGAGGGAATTCGCCGCCCAGCCACTGGGTGTTGAT-
3’). EGFP gene was amplified from the plasmid constructed in our lab with primers: 
EGFP-F (5’- ATGGACTACAAAGACATGGTGAGCAAGGGCGAGGAG-3’) and 
EGFP-R (5’-TTGAGGGAATTCGCCGCCCTTGTACAGCTCGTCCATGCC-3’). 
Spacer was amplified from amino acids 211-299 of gene III of filamentous phage 
M13mp19 with Spacer-F (5’- GGCGGCGAATTCCCTCAACCTCCTGT-3’) and 
Spacer-R (5’- CCGCACACCAGTAAGGTGTGCGGTATCACCAGTAGCACC-3’). 
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The amplified DNA fragments were ligated with spacer as following: both genes and 
spacer were digested by EcoR I (NEB) at 37°C for 1 hour and subsequently ligated by 
T4 ligase (NEB) overnight at 16°C. The ligation products were amplified with 
primers SDA (5’- 
AGACCACAACGGTTTCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGA
GATATATCCATGGACTACAAAGA-3’) and Spacer-R, followed by amplification 
with primers Y-T7B and Spacer-R. 
         
The DNA plasmids containing different yeast ORFs were isolated from yeast 
ExClonesTM (Invitrogen). Yeast ORFs were then amplified with the following primers: 
ExClone-YF (5’-GCGGCGGCCATATGGAATTCCAGCTGACCACC -3’) and 
ExClone-YR (5’-GGCGGCTGCTCTTCCGCATCCCCGGGAATTGCCATGCCA-
3’). For yeast ORFs construction, spacer was amplified with primers: Y-spacer-F (5’- 
GGGGATGCGGAAGAGCAGCCGCCCCCTCAACCTCCTGTCAAT-3’) and 
Spacer-R (5’- CCGCACACCAGTAAGGTGTGCGGTATCACCAGTAGCACC-3’). 
The amplicons were ligated with spacer as following: both genes and spacer were 
digested by Sap I (NEB) at 37°C for 2 hours and subsequently ligated by T4 ligase 
(NEB) overnight at 16°C. The ligated DNA fragments were amplified by Y-SDA (5’- 
AGACCACAACGGTTTCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGA
GATATATCCATGGAATTCCAGCTGACCACC-3’) and Spacer-R, followed by 
amplification with primers Y-T7B (5’-
ATACGAAATTAATACGACTCACTATAGGGAGACCACAACGG-3’) and 
Spacer-R. All the DNA constructs were re-amplified with the primers Y-T7B and 




7.4.3 In vitro transcription and translation  
          
According to the requirement of each experiment, DNA constructs were pooled 
proportionally to obtain a master mixture. 1-6 µg DNA constructs were transcribed 
with the RiboMAXTM large scale RNA production system T7 (Promega) for 4 hours 
at 37°C.  Then mRNAs were purified by an RNeasy mini kit (Qiagen). Transcripts 
were translated in vitro in an E.coli rapid translation system 100 (Roche) with the 
addition of 10 mM magnesium acetate, 5.6 µM anti-ssrA (5’- 
TTAAGCTGCTAAAGCGTAGTTTTCGTCGTTTGCGACTA-3’) and 0.5 µl 40 
U/µl rRNasin (Promega). Translation was performed in a 35 µl solution for 7 minutes 
at 37°C. After translation, the reaction mixture was immediately transferred to an ice-
cold tube with 220 µl binding buffer containing 50 mM Tris-acetate (pH 7.5), 150 
mM NaCl, 50 mM magnesium acetate, 0.1% (v/v) Tween 20, 0.1 mg/ml BSA and 2 
mg/ml heparin.  
 
7.4.4 In vitro selection  
         
The small-molecule probe (50 µl, 300µM) for PTPs was incubated with 50 µl 
streptavidin MagneSphere paramagnetic particles (Promega) for 30 minutes at room 
temperature with gentle shaking. The streptavidin beads were then washed three times 
with 1×PBS to remove excess of probes. Then the translation mixture together with 
the binding buffer was incubated with the probe for 2 hours on ice. For the selection 
of streptavidin gene, 20 µl iminobiotin (Pierce) was incubated with translation 
mixture for 1 hour on ice. After incubation, the agarose or magnetic beads were 
washed four times with washing buffer containing 50 mM Tris-acetate (pH 7.5), 150 
mM NaCl, 50 mM magnesium acetate and 0.1% (v/v) Tween 20. Following DNase 
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(Promega) treatment (30 minutes at room temperature), mRNAs were released from 
ternary complexes by the elution buffer containing 50 mM Tris-acetate (pH 7.5), 150 
mM NaCl and 20 mM EDTA. The eluted mRNAs were purified by RNeasy mini kit.  
 
7.4.5 Reverse transcription- Polymerase chain reaction (RT-PCR)  
          
Reverse transcription was performed using AMV reverse transcriptase (Promega) 
with primer Spacer-R according to the supplier’s recommendation. PCR was 
performed using Taq polymerase (Promega) in the presence of 5% (v/v) DMSO (5 
minutes at 95°C, followed by 25 cycles 30 seconds at 95°C, 30 seconds at 50 °C and 
2.5 minutes at 72°C, with a final 10 minutes extension at 72°C). PCR products were 
analyzed by agarose gel electrophoresis. For fluorescent labeling of RT-PCR product, 
Cy3-dCTP (GE Amersham Biosciences) was incorporated into PCR products 
according to the supplier’s recommendation. The fluorescent DNAs were 
subsequently used as probes for DNA microarray hybridization.  
 
7.4.6 Slide preparation and microarray processing 
           
All the DNA slides were prepared according to the on-line protocols 
(http://www.microarrays.org/protocols.html). 30 glass slides were washed for 2 hours 
with stirring in the washing solution containing 33.3 g NaOH, 200 ml ethanol and 134 
ml Milli-Q water. All the slides were then rinsed at least ten times with Milli-Q water. 
Subsequently, the slides were incubated for 30 minutes with stirring in poly-lysine 
solution containing 34.2 ml 1×PBS, 58.7 ml poly-lysine and 250 ml Milli-Q water, 
followed by rinsing with Milli-Q water at least ten times. The slides were spun at 500 
rpm until dry.  
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All the DNA templates used for fabricating the DNA microarrays were amplified in 
96-well formats with primers ExClone-YF and ExClone-YR from the yeast plasmids 
containing the corresponding yeast ORFs. Yeast ORFs were spotted in duplicate onto 
75×25 mm poly-lysine coated glass slides using a CHIPWRITERTM arrayer (Virtek), 
followed by incubation in a humid chamber overnight at room temperature. After 
ultraviolet (UV) crosslinking with energy of 550 mJ, the DNA slides were re-hydrated 
in 100 ml 0.5× SSC at 42 °C for 1-5 minutes until full hydration was achieved. 
Subsequently, all the slides were dried within 1-2 seconds in the 150 °C oven and then 
transferred to blocking solution containing 5.5 g succinic anhydride, 335 ml 1-methyl-
2-pyrrolidinone and 15 ml 1M sodium borate at pH 8.0 for 15 minutes. The slides 
were boiled in Milli-Q water for about 1 minute and then transferred to 95% ethanol, 
followed by spinning at 500 rpm until dry. 
          
For DNA hybridization, DNA probes were the reverse transcripts (amplified with 
primers ExClone-YF and ExClone-YR) from in vitro selection incorporated with 
Cy3-dCTP. 10 µl Cy-3 labeled DNA was mixed with 1.9 µl 20× SSC, 0.5 µl 1M 
HEPES at pH 7.0, and 0.5 µl 10% SDS, which was then applied to DNA slides and 
incubated in a hybridization chamber with a humid environment at 60 °C for 2-4 
hours or at 42 °C overnight. 
         
After DNA hybridization, the slides were washed in washing solution I containing 10 
ml 20× SSC, 1 ml 10% SDS and 340 ml Milli-Q water, followed by washing solution 
II containing 1 ml 20× SSC and 350 ml Milli-Q water. Then the slides were spun at 
500 rpm until dry and analyzed by ArrayWoRx scanner (Applied Precision). The slide 
images were shown in Figure 4.5 and Figure 4.8, with spotting patterns highlighted 
by white circles, and positive hits zoomed for better visualization. Spots were 
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identified as “positive hits” if their fluorescence intensities were at least 2 times 
higher than the average background values defined by the data analysis software that 
was equipped with the scanner. The signal intensities of duplicate spots were 
averaged for each ORF, and reported in Figure 4.5, Figure 4.8, appendix 5 and 6. 
 
7.4.7 Verification of protein labeling with the probe  
 
Purified proteins were labeled with the small-molecule probe following the incubation 
conditions of in vitro selection. Labeling reactions were stopped by boiling for 5-10 
minutes in 1× SDS-PAGE loading buffer and then resolved in SDS-PAGE gel. 
Protein labeling was detected by western blotting with horseradish peroxidase-
conjugated anti-biotin antibody (NEB).  
 
7.4.8 Inhibition assay 
 
To achieve maximal inhibition of PTPs, sodium orthovanadate was activated as 
previously described (Gordon, 1991). Briefly, 200 mM solution of sodium 
orthovanadate was adjusted to pH 10.0 and then boiled until it became colorless. This 
process was repeated until the pH stabilized at 10.0. The activation of sodium 
orthovanadate is to depolymerize the vanadate, which converts it into a more potent 
PTP inhibitor. After activation, sodium orthovanadate was added into the reaction 
mixture to a final concentration of 200 µM. The incubation conditions of inhibition 
experiments were exactly the same as the conditions applied in the labeling reactions 
without sodium orthovanadate. 
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7.5 High-throughput screening of functional proteins from a phage display 
library 
7.5.1 Phage-displayed human cDNA library 
          
T7Select® human brain cDNA library containing 1.47 × 107 primary recombinants 
was purchased from Novagen. In the library construction, the first strand of cDNA 
was primed with random primers and cDNA fragments were size-fractionated to 
remove short fragments (<300 bp) before being cloned at the C-terminus of the T7 
gene 10 major capsid protein. The size range of cDNA inserts has been confirmed to 
be from 300 bp to greater than 3 kbp by PCR analysis and the size limit of the 
proteins on phage capsid was estimated to be 1200 aa (T7Select® system manual). 
The average copy number of proteins displayed on each phage was approximately 5 
to 15 copies.  
 
7.5.2 Phage propagation 
          
The host bacteria strain (BLT5403, Novagen) was cultured in the LB media (pH 7.5) 
at 37 oC until the OD600 reached 0.5-1.0. Subsequently, the bacteria cells were infected 
by phages with a ratio of 100-1000 cells per phage. A substantial excess of bacteria 
cells will help to prevent rapid lysis of the host cells during the phage propagation. 
Phage propagation was stopped when cell lysis was observed (a visible reduction in 
the culture OD and accumulation of cell debris strand) and phages were then 
harvested by spinning at 4000 rpm for 15 min. The propagated phages were 




7.5.3 In vitro selection 
       
1 ml of fresh phage lysate was incubated with 4.5 nmol small-molecule probe 
immobilized on streptavidin MagneSphere paramagnetic particles (Promega) in the 
buffer containing 10 mg/ml BSA at 4 oC or 30 oC. Following incubation, the magnetic 
beads were washed either by the phage washing buffer containing 10 mM Tris (pH 
7.0), 150 mM NaCl and 0.05% Tween-20, or by 1% SDS. After extensive washing, a 
small portion of the phages bound on the magnetic beads were used for phage titering. 
The rest of the bound phages were propagated through the infection of log phase 
BLT5403 cells and then used for the next round of selection.  
 
7.5.4 Plaque assay 
          
The plaque assay was used to determine the number of phages in the samples after in 
vitro selection. In plaque assay, phage infection will produce clear areas (plaques) in 
the lawn of bacteria on the agar plate. In this study, we followed the procedures of 
plaque assay described in T7Select® system manual. Briefly, phages were diluted in 
series in LB media and then combined with BLT5403 (OD600=1.0) and top agarose, 
followed by plating on LB/ampicillin agar plates. The top agarose contains 10 g/l 
tryptone, 5 g/l yeast extract, 5 g/l NaCl and 6 g/l agarose. After incubation at 37 oC for 
3-4 h or overnight at room temperature, the number of plaques was counted and used 
to calculate the phage titer. The phage titer is described in plaque forming units (pfu) 
per unit volume. To minimize the variation, phage titer was calculated from the 




7.5.5 Probe and streptavidin binding assays for individual phage clones 
          
Individual plaques were inoculated into log phase BLT5403 cells to obtain the phage 
lysate of single phage clone. The fresh phage lysate was then incubated with the 
small-molecule probe following the conditions same as those applied in the in vitro 
selection assays. The number of bound phages was titered by the plaque assays. For 
the comparison of phage titers, the binding assays of different phage clones selected 
from the same batch of biopanning were carried out in parallel. When both the probe 
and streptavidin binding titers of the same phage clone were examined, two aliquots 
of the phage lysate were incubated with the streptavidin beads without the probe and 
the probe immobilized on the streptavidin beads, respectively.  
 
7.5.6 Identification of selected phage clones 
          
For PCR screening, 1-2 µl crude phage lysate of individual phage clone was boiled in 
10 µl dH2O for 10 min, followed by PCR amplification of cDNA insert using the 
primers: T7SelectUP 5′- GGAGCTGTCGTATTCCAGTC -3′ and T7SelectDOWN 
5′- AACCCCTCAAGACCCGTTTA -3′. The PCR thermal cycling (25 cycles) 
includes denaturation at 95 oC for 30 seconds, annealing at 58 oC for 30 seconds and 
extension at 72 oC for 2 minutes. The PCR amplicons were analyzed by agarose gel 
electrophoresis. DNA sequencing was performed with the primer T7SelectUP as 
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Appendix 1 In-gel digestion protocol 
 
(From Proteins and Proteomics Center, National University of Singapore) 
 
Reagents: 
Trypsin, modified, Sequencing Grade (Promega) 
DTT (Sigma-Aldrich Fine Chemicals, Oakville, Canada) 
Potassium ferricyanide (Sigma-Aldrich) 
Sodium thiosulfate (Sigma-Aldrich) 
Acetonitrile, Hplc Grade  
Iodoacetamide (Sigma-Aldrich)  
Formic Acid  
Nitrogen Gas, Prepurified Grade  





100mM ammonium bicarbonate solution 
30mM potassium ferricyanide solution 
100mM sodium thiosulfate 
10mM DTT in 100mM ammonium bicarbonate solution (freshly made, stored under N2) 
55mM iodoacetamide in 100mM ammonium bicarbonate solution (freshly made, stored in darkness 
and under N2) 
12.5ng/µl trypsin in 50mM ammonium bicarbonate solution-(the Digestion solution) 
 




1 Destaining, Washing and Dehydration:  
Transfer finely-cut gel piece(s) to a 600µl PCR 
tube. Using a small clean spatula (or a 
polypropylene pestle), coarsely grind up the gel 
pieces. Mixing a 1:1 ratio of 30 mM potassium 
ferricyanide and 100mM sodium thiosulfate 
solution as a working solution. 30-50 µl of such 
working solution were added to cover the gel and 
occasionally vortexed. The stain intensity was 
monitored until the brownish color disappeared, 
then the gel was rinsed 3 times with water to stop 
the reaction. Next, 100 µl of 100 mM NH4HCO3 
was added to cover the gel for 20 min and was 
then removed. Add 100 µl of 50 mM NH4HCO3 
/50%(v/v) acetonitrile (or enough to immerse the 
gel particles). Votex and let stand for 5mins. 
Remove the solution. Treat with 50µl of 
acetonitrile. Votex and let stand for 5mins. 
Carefully remove the solvent, using a fine gel-







The use of a PCR (600 µl) tube 
is recommended.  Chopping 
and/or grinding will reduce the 
volumes required in subsequent 
steps.  However, do not grind 
extensively, as there is a 
possibility of losing fine gel 
particles and the sample during 
the pipeting steps. 
(alternatively, gel may be 
chopped finely with a clean 
blade into very small pieces 
during the excising step)  
 
Potassium ferricyanide and 
sodium thiosulfate working 
solution is unstable, and 
therefore should be prepared 
fresh for each reaction. 
2 Drying: 
Dry in a vacuum centrifuge, e.g. Savant Speed-
vac. 
 Dry thoroughly. 
3 Reduction: 
Add a fresh solution of 10mM DTT in 100mM 
ammonium bicarbonate to cover the gel fully, 
and flush with N2 gas to remove O2, and cap the 
tube.  Incubate at 57oC for 60mins. 
 Upon re-swelling, the gel may 
protrude from the solution.  If 
so, then, add more DTT solution 
to cover the gel completely.  
This will ensure a complete 





Appendix 1 (continued) 
 
4 Alkylation: 
Cool to RT.  Remove the excess DTT solution.  
Add 55mM Iodoacetamide solution in 100mM 
ammonium bicarbonate.  Flush carefully with N2 
gas to remove O2, and cap the tube. Wrap the 
tube in aluminum foil, and keep at RT for 
60mins, with occasional vortexing. 
 Iodoacetamide is a light-
sensitive, white, crystalline 
solid, and, upon storage, can 
become faintly pink in color 
with the formation of iodine.  
Iodine mainly affects the 
tyrosine and tryptophan 
residues.  Do not use this 
reagent if colored.  Always use 
a fresh solution.  Also perform 
this step in dark, and in the 
absence of O2. 
5 Washing: 
Remove carefully the solution, using a gel-
loading pipet tip.  Treat with 100µl of 100mM 
ammonium bicarbonate solution, and mix by 
vortexing.  Let stand for 5mins at RT, and 







6 Gel Dehydration: 
Treat with 100µl acetonitrile.  Mix by vortexing 







Add 100µl of 100mM ammonium bicarbonate, 
and mix.  Allow to stand for 5mins.  Carefully 






Add 100µl acetonitrile and mix (5 mins).  





9 Gel Drying: 
Dry in a vacuum centrifuge (e.g. Savant Speed-
vac). 
 
 Dry to completion. 
10 Re-swelling: 
Add 15-30µl of digestion solution (12.5ng/µl 
trypsin in 50mM ammonium bicarbonate 





The low temperature is used to 
prevent any fast digestion and 
subsequent loss of peptides by 
diffusion into the excess trypsin 
solution. 
11 Digestion: 
Carefully remove all excess trypsin solution, and 
add 15µl of 50mM ammonium bicarbonate 
solution.  Incubate overnight (6-15hrs) in an oven 
or a thermocycler set at 37oC. 
 The use of a large excess of 
trypsin could lead to 
interference by trypsin 
fragments resulting from the 
autodigestion of the enzyme. 
If using a hot-block, make sure 
that the whole tube and the top 
heated to prevent condensation 






Appendix 1 (continued) 
 
12 Extraction Step: 
Allow to cool to RT.  Centrifuge at 6000rpm 
(10mins).  Pipet out the supernatant carefully and 
save it.  
Treat with 20mM ammonium bicarbonate.  Mix, 
and centrifuge at 6000rpm.  Pipet out the 
supernatant carefully and save it. 
Treat with 5% formic acid in 50% aqueous 
acetonitrile (10-25µl).  Stand for 5-10mins and 
centrifuge at 6000rpm.  Pipet out the supernatant 










Use minimum volumes for 
extraction.  Actual values will 
depend upon the volume of the 
gel pieces. 
 
13 Combine all 3 supernatants from the Step 12 
above, and dry in a vacuum centrifuge. 
 
 Dry to a desired volume, or to 
completion. 
Perform desalting by the Zip-
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Appendix 5 DNA library containing 96 yeast ORFs 
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Appendix 7: DNA sequences and translated protein sequences of myelin basic 
protein 
 












Blast translated sequence 
gi|68509939|ref|NM_001025101.1| Homo sapiens myelin basic protein (MBP), 
transcript variant 7, mRNA 
           
Length=2794 
Score = 115 bits (287), Expect = 9e-25, Identities = 48/50 (96%) 
Positives = 50/50 (100%), Gaps = 0/50 (0%), Frame = +3 
 
Query  3    KKCSHLREPGCDGVTEETLPEARIQVPGHSKYHGPCQAWLPPKAQRHGHP  52 
            ++CSHLREPGCDGVTEETLPEARIQVPGHSKYHGPCQAWLPPKAQRHGHP 
Sbjct  630  RQCSHLREPGCDGVTEETLPEARIQVPGHSKYHGPCQAWLPPKAQRHGHP  779 
 
 











Blast translated sequence 
gi|68509931|ref|NM_001025092.1| Homo sapiens myelin basic protein (MBP), 
transcript variant 4, mRNA 
           
Length=2189 
Score = 342 bits (877), Expect = 2e-93, Identities = 167/170 (98%)  
Positives = 167/170 (98%), Gaps = 1/170 (0%), Frame = +2 
 
Query  3    SAATSESL-VMASQKRPSQRHGSKYLATASTMDHARHGFLPRHRDTGILDSIGRFLGSDR  61 
            SAATSESL VMASQKRPSQRHGSKYLATASTMDHARHGFLPRHRDTGILDSIGRF G DR 
Sbjct  62   SAATSESLDVMASQKRPSQRHGSKYLATASTMDHARHGFLPRHRDTGILDSIGRFFGGDR 241 
 
Query  62   GAPKRGSGKDSHHPARTAHYGSLPQKSHGRTQDENPVVHFFKNIVTPRTPPPSQGKGAEG 121 
            GAPKRGSGKDSHHPARTAHYGSLPQKSHGRTQDENPVVHFFKNIVTPRTPPPSQGKGAEG 
Sbjct  242  GAPKRGSGKDSHHPARTAHYGSLPQKSHGRTQDENPVVHFFKNIVTPRTPPPSQGKGAEG 421 
 
Query  122  QRPGFGYGGRASDYKSAHKGFKGVDAQGTLSKIFKLGGRDSRSGSPMARR  171 
            QRPGFGYGGRASDYKSAHKGFKGVDAQGTLSKIFKLGGRDSRSGSPMARR 
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Translated peptide sequence 
SSTSEEP?M* 
